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CHAPTER 5. THERMODYNAMIC PROPERTIES OF MANGANESE, 


Ee 


“AND ITS METALLURGICALLY IMPORTANT COMPOUNDS 


By C. G. Maier? 


The present trend of chemicometallurgical research toward widespread and 
inclusive use of thermodynamic methods requires the inclusion of available 
data of this sort in any comprehensive metallurgical report. Such data for 
manganese are far from adequate for the full utilization of these methods. 

Even if our knowledge of these properties is weak, the collection of available 
figures is nevertheless well worth while, especially if their utilization in 
an approximate way may show inherent possibilities of application. No less 
important is the necessity for discovering the vital gaps in the Soe ae 
formation, to serve as a basis for further pertinent study. 


The utility of the thermodynamic methods of Lewis and Randall (a34)3 has 
become increasingly evident to metallurgists. It is true that at present no 
better approach to the general, fundamental problems of chemical metallurgy is 
available than close adherence to these methods. The effort is here made to 
collect and correlate, as far as possible, significant quantitative thermo- 
dynamic data on manganese and its metallurgically important compounds. There 
are considered here only the intrinsic proverties of pure materials. The order 
maintained as far as possible will be as follows: Do 


1. Specific heats at lov temperatures... 
(a) Compressibility, thermal expansiveness and atomic volume. 
(>) Entropy calculated from specific heats. 
@. Specific heats at high temperatures. 
3. Sublimation and vapor pressures. 
4. Thermal data. | 
(a) Heats involved in change of state; sublimation, fusion, 
vaporization, transitions. 
(bo) Heats of formation of compounds. 
(c} Free energies of formation. 
oS. Correlation of heats, free energies, and entropies, where 
vossible. 


METALLIC MANGANESE 


Allotropy — 


The question of the allotropy of manganese has already been discussed. 
There would seem to be little doubt as to the actual existence of at least 
three forms of manganese, but from a thermodynamic viewpoint interest is con- 
fined to transformations having definite and measurable energy quantities 
2. Supervising Engineer, fundamental studies section, Metallurgical Division, 
U. §. Bureau of Mines. 
3 Turoughout parts I to IV, numbers in parentheses refer to items in this 
bibliography, and page numbers to those in the reference cited. 


1725 -99- 


Google 


I.C. 6769 


associated with the change of form. Here recourse must be had to specific heat 
measurements at high temperatures, In a later section it will be shomm that 
the available svecific heat measurements indicate such energy changes at 835° 
and 1,044°C. only. — 


Comparison of these transition temmeratures with those obtained by means 
other than specific heat measurements seems very unsatisfactory, but it must 
be remembered that such changes often show time ana temperature lags, especial- 
ly the latter when impure materials are consicered. For the present purpose, 
therefore, it may suffice to accept the points derived from specific heats as 
valid, and the assumption will be made that up to 835°C the qd form is stable, 
from 835 to 1,044° the 4 form exists, and above 1,044° the specific-heat 
methods really involved the tetragonal Y form. 


Srecific Heats at Low Temperatures 


No measurements cf true specific heat at low temperatures are reported. 
A few measurements of mean specific heat have been made by Dewar, (70), by 
Estriecher and Staniewski (86), and by Nordmeyer and Bernulli (277). In a re- 
cent resume of low-temperature specific heat and entropy data, Kelley (209) 
nas selected the data of Dewar as mcst suitable for entropy calculations, ‘eng 
reports Sogg = 7.3 10.5. 


Determination of the true specific heat of manganese metal at low tempere- 
tures is an assigned problem for investigation at the Pacific a in Sta- 
tion of the Bureau of Mines. 


Compressibility, Expansicn, and Atomic Volume 


The only available determination of the compressibility of manganese is. 
that of Richards (315), who reported 0.84°10-© per megabar and who also gavo 
7.7 for the atomic volume and 7.37 for the density at 20°C. Available figures 
for thermal expansiveness are those of Disch (71), who gives 1,59> -107© between 
-~190 and 0°C., and 2.28-°10-° between 0° and 100°C. The difference between the 
specific heats at constant pressure and volume may be calculated from the ther- 
modynamic expression 


Cy - Cy = ga@vT (Equation 1) 
where and Cy are the respective specific heets at constant pressure and 


volume, O the linear expansion coefficient, v the specific volume, T the abso- 
lute temperature, and the compression coefficient. At 25°C. substitution 
of the various figures given results in the value 0.5 calorie per degree for 
the specific heat difference. — 


. A&A recent determination of tne density of manganese (44) indicates a value 
of 7.76 for the gram-atomic volume compared with the clder figure, 7.34. The 
corresponding densities are 7.06 and 7.48. It seems, horever, that Campbell 


1725 ~100- 


Google 


I.C. 6769 


had for his density determinations electrolytic material of the “ or tetragon- 
al form, and it is not strange that his results should be low. 


According to Matsuyama (244), manganese contracts 1.7 percent of its 
volume during solidification. Assuming that the coefficient of exnansion of 
the three forms of manganese can be considered equa! for approximate calcula- 
tion the densities and specific volumes may be summarized, as in table 41. 


TABLE 41. - Densities and Specific Volume of Manganese 


Type Temperature, | aaa. 3 Specific 
Form of hin measurement OC. _ Densit volume 
f ewiiaees bees Direct sie sae5 : 20 7.45 
Of dintetn hase ae aes Ko DAY ocho wares é 20 7.58 
ad Vesa esi CBLCs inne bens 835 7.80 
O ceeueeeeseuns Dy TOY sci oes ees 20 7.54 
Boxe eee oce Nie Calc.(% ray)... 835 7.98 
Vitae aos DET SCC ics 40:9 208 20 7.76 
7.62 
8.16 
8.26 
8.40 


Specific Keats at Ligh Temperatures 


Available data on the specific heat of manganese at high temperatures con- 
sist of the measurements of Umino (373), of Wiist, Meuthen, and Durer, (401), 
of Stucker (363), and of La&emmel (226). 


K. K. Kelley, of the Pacific Experiment Station of the Bureau of Mines, 
has recently made a critical study of high-temperature specific heats in con- 
nection with a bulletin on this subject now in preparation. He reports that 
the data of Umino are the best available, as determined by a comparative plot 
of total heats as determined by all these experimenters. Table 42 shows the 
total heats taken from Kelley's smoothed curve. 


The reader will note that the melting point of manganese is taken at 
1,220°C. Umino's figure was 1,221°, Some nine other figures are given in 
the Landolt-Bornstein Tabellen (227), and Burgess (42) has reported a value 
obtained by a micromelting apnaratus. 


The mean of all values (11 in number) is 1,223° +13, wut of these, two 
sets, including that of Burgess, are discordantly high.£ then the two high 
values are omitted from the average it becomes 1,2179 + 8. This figure has 


4 Several values in the Tabellen are based upon a comparison which involved 
taking the melting point of nickel at 1,484°C. ‘These figures have been 
corrected in the average by the author to correspond to a melting point for 
nickel of 1452.3°C. 
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been rounded off to 1,220° and has been used as more consistent with the ther- 
modynainic data available than the higher figure of Gayler (108) given in chap- 
ter l. | | 


TABLE 42. - Total Heats for Mangenese Metal from 0°C., Calories ver Gram-Atom 


| Z | pifference, 
Form of Mn | Temperature, content curve-Umino, 
Se en ee oe ——: (c ercent 
Fe teaeea dante ne hres | : 0 0) 
i. | 50 299 eee 
| 100 617 1.3 
150 953 oes 
290 | 1,308 5 
250 1,681 ae 
300 2,072 1.0 
350 2,482 27 
| 400 2,911 1.3 
| 450 | 3,358 2 
| 500 , 3,823 ae 
550 , 4,307. -.4 
| 600 | . 4,809 se 
650 5, 330 ~.5 
| 700 _ 5,869 ! -.3 
750 «6,427 | we 
800 | 7,003 = 
835 | | PAL — 
a), re 835 148 26,0 
ee 835 7,565 ae 
850 - 7,700 0.9 
a 900 8,150 | 2 
nes 950 8, 600 214 
1 1,000 9,050 -.9 
~| 1,044 9,446 ae 
ee | 1,044 244 -2.0 
Ns hecaiag ara Soe | 1,044 1 9,690 | aoe 
| 1,050 9,750 | cm 
| 1,100 | 10 ,250 | aoe 
| 1,150 1 16,750 | -1.0 
| 1,200 | 11,250 | -1.0 
| | 1,220 11,450 ; aoe 
Y-liquid....... | 1,220 | 3,576 $36 
TAduldia wren. | 1,220 15,026 hts 
|, 1,250 15,365 | om, 
| 1,300 15,930 : +.4 
| 1,350 16,495 +.1 
17,060 | ait 
| 
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For many purposes the figures in table 42 may be found more convenient 
than analytical expressions for specific heat, since some complications due 
to allotropy may be avoided in certain cases by. the summation. af. total heats. 
Kelley has derived certain analytic expressions for heat ecatent of the var- 
lous forms, which are summarized in table 43. 


TABLE 43. - Heat Content of Manganese From 0° on 
(Forma, Ho =a + bt + cte---) 


Temp epavare 


1,220-1 , 400 


By differentiation of these expressions and substitution of T=++273.1, 
the following equations are dsrivable for true specific heat. 


Cp(Lhin) = 3.78 + 7.38-107S2, 
Cy (& Mn) 9.00, 
C.( YMn) =10.00, 
Cp(lig.) =11.30. 


Sublimation and Vapor Pressures. 


Actual measurements of vapor pressures of manganese metal are meager. 
Greenwood (122, 123) reported a boiling point of 1,900°C. Observed tempera 
tures varied about 100°; mean values were stated to be concordant to 20°. The 
melt was contained in a carbon crucible with MgO lining. In this connection, 
Tiede and Birnbrauer (372) have show that manganese readily reduced MgO at 
higher temperatures, This would justify the assumption that the observed boil- 
ing point of Greenwood was too low. 


Ruff and Bormann (328) determined the boiling point at 3 mm pressure for 
pure metal to be 1,511°C. Millar (258) has calculated vapor pressures for man- 
ganese, using Greenwood's boiling point combined with Wust's specific—heat 
data. 


In @ recent article by Pare (109) pure manganese is said to volatilize 
under 1 to 2 mm pressure at a temperature just above the melting point (1,225°C). 


It seems highly probable that the measurements of Ruff and Bormann are the 
best available. If the assumption is made that these latter figures are approx- 
imately correct, a much more satisfactory calculation of the vapor pressure of 
manganese becomes possible, especially since the energy of the gas may be deter- 
mined from spectroscopic data. Through the courtesy of Prof. W. F. Giauque 
(111) it is possible to include here recent results of such a calculation from 
Spectroscopic data, the specific results being given in table 44. 
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TAFLE 44. - Free Energy of Manganese Vapor from Spectrosccpic Data 


: The symbol FO in table 44 refers to the free energy of the vapor in 
the standard state, and Ef is the energy in the standard state at absolute 
zero. For further discussion of the methods used in obtaining these figures 
and explanation of the symbols the reader is referred to the article by Profes- 
sor Gicuque (110). 


To use these figures for calculation of vapor pressures similar in- 
formation is necessary with respect to the solid and liquid. Thus, assuming 
the solid to be the standard state, equnyaen (320) in Giauque's paper above may 
be used: 


T . £«(Equation 2) 
O ) 


The first integral is obviously the total heat from O°K. and the second the 
entropy. For the present purpose the specific heats for the various forms of 
manganese may be integrated more conveniently from 0°C. or from 298.1°%. in the 
case of total heat and of entropy, respectively, with the addition of apurc- 
priate corrections from low-temperature data to carry the results to absolute 
zero. Tis, in the case of entropy the addition involved here amounts to 7.3 
units, as given previously (see p.100). Similarly, by drawing a Debye curve 
through and below Lewar's low-temperature data for manganese and extending it 
upward to meet the herein accepted value for the specific heat at 09C., as pre- 
viously given, the total heat of manganese up to 273.1% K. may be obtained as 
1,000 + 50 calories. The total heats at various upper temperatures are then 
given by the addition of 1,000 calories to the figures of table 42, and the 
corresponding entropies are calculated from the formulas given for specific 
heat, with suitable corrections for the transitions involved. 


Tue results of such a series cf calculations are given in table 45. 


To calculate vapor pressures, consider the equilibrium Mn 1) = = Mn 


at 1,511°C. or 1 7B4°K. , where, according to Ruff and Bormann; the vapor pres-_— 
sure is JO nm . 
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@) Py 
4F) 784 = -R 2 ln 76 


O26 log Tee 


Now for the reaction, by interpolation in tables 44 and 45, for T= 1,784, 


Then, 


| 
i 

bo 
tw 
Ga 


aye 
2 


tl 

ren) 
aN 
GQ 


_(F°-E6) = (F°_ RO) re) re) 
Eee) ay 
OQ 
45.42 _ 15.50 = -6.43 fiz . 
( gES) 


TW ,784)= 36.35. 


0) 
From this last result, eorresponding figures for 422 at any desired temperatures 
are calculated directly and combined with the valués of a for solid, liquid, 


and gas to furnish directly the free energy of vaporization. Such calculated 
results are shown in tavle 46. Since gt? = ~R ln p, the corresponding vapor 


T 
pressures are readily ealeulated and are shown in various forms in the last 
three columns of the table. For purposes of interpolation a curve showing the 
variation of log V.P. v. T°C. is reproduced in figure 8. 


TABLE 45. ~ Free Imergy of Solid and Liguid Manganese 


of Mn [| % | xX, | 

Gree 25 298.1 1,146 3.84 3.46 
835 1,108 8,417 7.59 10.84 
Bioseeees. 835 1,108 8,565 7.72 10.84 
900 1,}73 9,150 7,80 11.27 
1,000 1,273 103050 7.86 11.96 
1,044 1,317 10,446 7.92 12.57 
Pscasin 1,044 1,317 10,690 8.11 12.57 
1,100 1,373 11,250 8.19 12.89 
1,200 1,473 12,250 8.31 13.55 
1,220 1,493 12,450 8.34 13.58 
Liquid....| 1,220 1,493 16,026 10.73 13.58 
1,300 1,573 16,930 10.76 14.14 
1,400 1,673 18,060 10.80 14.80 
1,500 1,773 19,190 10,82 15.44 
1,600 1,873 20 , 320 10.85 16.03 
1,700 1,973 21,450 10.87 16.59 
1,800 2,073 22,580 10.89 17.13 
1,900 2,173 23,710 10.91 17.65 
2,000 2,273 24,840 10,93 18.14 
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In comparing the calculated. vaper pressures in table 46.with the avail- 
able direct determinations the reader will note that the boiling point is 
2,CC0°S. compered to Greentvooa's 1,900°%, the difference being just th-t given 
ty Greenwood himself as the reproducibility: of his results. Furthermore, at 
the melting point the figure 1.46 mm is calculated, where the previously men- 
tioned data of Gayler indiczte a vapor pressure of 1 to 2 ma, an almost exact 
concordance but considerably different from Millar's calculated figures. The 
vavor pressure at 1,250°C., corresponding to Gayler's melting point, would be 
just a little over 2 mn. 


Although avplication of the calculatian of enorgy from spectroscopie data 
to vapor pressures still involves the suppositicn of monatomic gas in this case 
the figures so olttained are undoubtedly far sunerior to the usual calculation 
from the Sackur equation, which was essentially the basis of Millar's method. 
Should a better boiling-voint or vapor-pressure measurewent than that of Ruff 
end Bormann become available, recalculation .from the original figures of table 
44 would leave little to be desired, since the errors in the calculation must 
come almost entirely from the fixed point taken and from the free-energy fig- 
ures for solid and liquid. Even with these Mara battens, in mind the results 
ust be regarded as highly satisfactory. ae 


- Calculated Vapor Pressures of Wanganese Metal 


TABLE 46. 


? gotta V.P. 
4P° |. Log Atnospheres Millimeters 
2 -] :WiPe 


3.46 | 217.25 |184.i8|-40-22 | 6-10-42 


10.84 | 58.48 | 26.27]--5.740|1.82-10-© 1.3°1079 

10.84] 58.48 | 26.27]. 1.82:107 1.31079 

11.27 | 55.25 | 23.19 B.€5-107© 6.58°1072 

11.96] 50.90 | 19.12 6.64°107° 5.05:107° 

12.57] 49.20 | 17.86] 1.251074 0950 

12.571 49:20 | 17.86| - 1.25-10-4 0950 

12.89] 47:20 | 15.971: 3.24+107% 246 

13.55 | 44.00 | 13.08 1.39°107 1.06 

13.58 | 43.41 | 12.45 1.915°10-9 [| 1,455 
Liqui: 13.58 | 43.42 | 12.45 1.915-107% | 1.455 

14.14] 41.21 | 10.56 4.92-10-9 3.74 

14,80 | 38.74 | .8.44 1.43-10°2 | 10.9 

15.44| 36.58 | 6,63 3.57°107 28.77 

16.03 | 34.61 4.98 8.17°10-2 62.1 

16.59 | 32.87 | 3.54 }2.69°1072, | 128.5 

17.13 | 31.26 | 2.22 3.27°10-1. | 245, 

17.65} 29.81 1.06 5.86°10-1 | 446. 

18.14] 28.50 02 | 9.99-1071 | 760. 
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Thermal Data 


Although the tabulxr method of calculating free energies used for vapor 
pressures is undoubtedly superior when the necessary data are available, most 
of the cases to be considered will be dealt with in the analytical form of stan- 


dard free-energy equation. 


One may proceed to write such equations in a purely 


formal way for the different states of manganese, bearing in mind that despite 
the somewhat unsatisfactory nature of some of the specific-heat data, most cases 
if interest will involve cancellation (either implicit or explicit) of the un- 


certain portions. 


1. For the transformation, 


Ming : 


& 


AG, = 5.22 - 7,38+10-%2, 


44,103 = 148, 


AH= Ey + 522 T - 3.69-10757"%, 


= -1,102 + 5.22 T - 3.69-10-57", 


Mo 
we) 
O 
@ 
ll 
Oo 
II 


-1,102 - 5.22 


Op = -1,102 - 5.22 T ln T + 3.69-10°°R" + 33.52 7. 


(Equation 3) 


In T+ 3.69°107°7" 412, 


(Equation 4) 


as — 


2. For the transformation, 


ung = Mny, 

AL, = 1.0, 
‘@) 

QE) 317 = O 


AE a7 = 44, 


GZH= OH +1.02, 


= -1,073 + 1.0 7. 


(Equation 5) 


AF? a7 = -1,073 - 1.0 Tin T+172, 


I = +7.99, 


A En = -1,078 - 1.0 Tin T+ 7.99 T. 
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L725 


: ‘@) 
OE) nga 


For the transformation, 


as 4 
AG, = 1.20, 
AE} 493 = % 


4) 493 = 9,976, 
ZH = 48, + 1.30 2, 
= -5,516 + 1.30 T. (Equation 7) 


P+i1f, 


AF) agg = 0 = -5,516 - 1.30 T 1 
I = 411.01, ¢ 


Fp = -5,516 - 1.30 T ln T+ 11.01 


| 


(Xquation 8) 


—, 


yor the transformation, 
sn ) = Mn (¢) » 
LAA Lp = -6.33, 
ze SS OO? 2: 
Bey ea = ae Ae ee 


AES omg = 0 (normal boiling point), 


+ 11,460 = AE, + 6.33 TinT+1 2, 
AF2 274 = 05 4H) + €.93 Din T+1 2. 


solving simultaneously, 


I = -77.92, 
fH, = +65,930, 
AFG = +65,930 + 6.33 T ln T - 77.92 T. (Equation 9) 


AH = +65,930 - 6.33 T. (Equation 10) 


- 


Ry adding equations 5S and 5, and 4 and 6, for the transformation, 


Mn = Mny, 

AE = -2,175 + 6.22 T - 3,69°1079r", | (Bquation 11) 

Q¥S = -2,175 - 6.22 T ln T+ 3.69°10-37? + 41.46 7, Equation 12) 
~108- 
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Similarly, from equations 7 and 11, and 8 and 12, for the transformation, 


Mey a) 


AE = ~7,691 + 7,55 2 = 3,69: 1072",  (gquation 13) 
4Ep = ~7,691 ~ 7,55 2 ln + 3.69° 10°30? + 52.47 1. (Equation 14) 


Vinally, by the addition of equations 13 and 10, and 14 and 9, for the 
transformation, 
— 
(¢) ~ Mn g)' 
AH = 468,239 + 1.22 2 ~ 3.69°10 “32, (Equation 15) 


Ap = +58, 1239 ~ 1.227 In T+ 3, 59°10°32 - ~ 25.45 7, (Equation 16) 
These last squaevons will be useful in referring reactions involving man- 
ganese vapor to the standard state cf solidq@ Mn. 


Menganese Ion 


The free cnergy of the manganese ion is a quantity that may be used in 
calculating the free energy of formation from solubility measurements. Because 
early experiments on the electrode potential of. manganese were unsatisfactory, 
Lewis and Randall did not erase rae manganous ion in their resume of standard 
electrode potentials. 


The manganese electrode is very sensitive to oxygen when used in electro- 
lytic cells, and the ordinary form of cast metal shows erratic behavior, Royce 
and Kahlenberg (321) have, however, obtained consistent behavior, using especial 
precautions to avoid the presence of oxygen in these cells, and experimenting 
with various concentrations of manganeso amalgam. Their results indicate that 
emalgams above 1 percent show substantially constant electro motive force ina 
given concentration of electrolyte. Table 47 shows selected portions of these 
results and various calculations which have been made from them. 


TABLE 47, ~ Electrode Potential of Manganese at 20°C. 


Electro~| Stated Hy e.m.f. Cell je.m.f,| -activity |Correc standard 
lyte ‘normality |molality|reportod|e,m,f.| v. Hp |coefficient| tion | electrode 
merueeis ts fa . 8 ~~ Peary e _—ws & wetetier “eh ke aioe ote S28 bentis ‘i 
MnO 4 1.0 0.5 1.4490 |0.8890/1.1712| 06.110 1.1346 
‘do. As) Ys) 1.4530 | .893011.1752 lL 57 1.1343 
. wnC1., ; 2.0 5 1.4335 | .8735|1.1557 2490 1.1379 
~ do, . 5. 220 1,4380 | .8780!11.1602 498 1.1339 
Average omens " ootagme $amtmane onpegerpans ettaconbomd ontemscmocn ds 1352 
0.0011 
1725 =109e0 
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.In this table the figures given by the authors for "normality" seem in 
fact to be couble molalities rather than equivalents per liter solution. No- 
where in their article do the authors state specifically what they mean by 
"normality", but a clue is furnished by the statement they make that "8-normal! 
solution.is virtually saturated at ordinary temperatures. A saturated svlutiorz 
contains anproximately 39 percent MnSO, formula weight 151, density of solu- 
tion about 1.4. ‘Thus a truly 8-normal solution would contain SR TO = 43 per- 


cent MnSO4, but a 4molal solution contains = 8 x: Bo os 2 oF e percent 
: we Pt tial 
MnSO04. | oe 


The electro motive force revorted ty the authors is stated to be based on 
the value +0.560 volt for the normal calomel electrode used as reference stan- 
dard. To put these results on the basis of the hydrogen electrode, as used by 
Lewis and Randall (234, p.407), we shall subtract 0.560 and add 0.2822, the 
latter figure being tae electro motive force of the normal electrode selected 
by these’ authors. In this wey the figures given in the column headed "e.m.f. 
v. Eo" are obtained. The activity coefficients in the next colum are taken 
from Land»1t-Bornstein (228). : Then, since E= & - RT in (ym), the correc- 


tion term represented by the last’ quantity of this fotmle may be calculated 
and the standard electrode potential. H, found directly. 


Inspection of. the values of. E, so obtained shows good consistency betveen 
the varicus measurements. heesoting Ene average result alia there is obtained 
for the reaction — 


-. =. -02,450 Se 


Althougn the indicates deviation. fen a mean of the above value for E, 
would show an apparent deviation from the mean of 50 calories in free energy. 
it must not be forgotten tat. the cells used by Royce and Kahlenberg may have 
contained liquid—junction potentials of unknown amount. that could in extreme 
cases represent 500 calories or. more. | < eet 83 


OXIDES OF MANGANESE 


ansanene Oxide - 
This material oc occurs in nature as the tnineral manganosite and so far as 
is known does net show jen ee The density. af the natural mineral is ap- 
proximately 5.1. ae ‘ Pas 


Specific Feats at Low Temperatures 


The only available igeansatton regarding id qu caene pene specific heats 
of manganous oxide are the measurements by Millar (257). In his review of low- 
temperature specific heats, Kelley (200) has corrected Millar's original data 
slightly and reports S998.) = 14.4 + 0,6, Miller had calculated So9g = 14.92. 
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Kelley's value will be accepted here. Data on compressibility and coefficient 
of excpansion have not been found. 


svecific Eeats at Hign Temperatures 


Frevious to Millar's low—temmereture vork the only reported specific heat 
of manganous oxide was that of Renault (412), who reported a mean value of 11.14 
between 13° and 98°C. The true specific heat from Millar's e.veriments at 0°C. 
is 10.00, indicating that Regnault's result is too high. 


In the absence of data on the svecific neat at high temperatures the only 
estimate possible is a rational guess based on the figure at 0°C. ‘Then it may 
be assumed that at the melting point of MnO, which has been given by Tiede and 
Birnbraéuer (372) as 1,650°C., a maxiumm true specific heat of 14 calories per 
formula weight& has been reached. 


Consider now the conventional quadratic expression used by Lewis and Rand- 
all and others to represent specific heats at hizh temperatures 


a P2 
C, = a+ bt + ot®, 
where a, b, and c ere numerical coefficients and t the temperature in degrees 
centigrade, Coefficient a is obviously the veane. at t=0, that is, for lind = 
19.00. If the quadratic is differentiated 


then b is the slope of the specific-heat curve at T= 273.1, and c is determinec 
by the limiting value oF Cy = 14 at 1,650°C. 


From Miillar's specific-heat curve, b= 8.4° 1079 is found, and c = -3.62°107 
from which | 

| (1in0) = 10.00 + 8.4°107%t - 3.62+10- 842, 
Substituting t = 7 - 2738.1, : 


¢..(1in0) = 7.43 + 1.038°107"2 ~ 3:62+10-672, 
(Equation 17) 


5 The figure 14 is crudely estimated as follows: (Cy for hin and 0 may approach 


the theoretic value of 6 calories each. At high temperatures the specific 
heats of the compound will be nearly additively the sum of the specific heats 
of its constituent elements. 0, - Gy is 0.6 at 298.1°K, and because of the 


hardness of manganese, may be expected to increase fairly ra ae with the 
temperature, Actual values of tend to drift somewhat highe 6 calor- 


ies per gram atom. (C, -0,), dy analogy with zinc comes “patch ba has about 


ERS PES StRRA BEY 9 MnO 206 8 formate epgnt of; fhe, pame order of magnitude 
Mean specific. heat 25° to 1, 100°C. (iV. P. White), 12.16; true specific heat at 
25°C. 75-6 = x (12.16 - 9.75) + 9.75 = 13.9. 
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Sublimation ana Véenor Fiessures 


In spite of the frct that Herthelot (24) and Le Chatelier (230) are in 


substantial asrecwent "1t1 90,900 and 9C,8G0 calories for the he>ot of formretion 

of manganous oxide, the figure selected nere is tae racent one of Recth (S19), 

who weports 96,500 f 65C celovies for the he t of foruetion at coustant pressure, 
Tnen for the reaction 


in) + 402 = 1200; 


S298 = 7.0 +¢ 24.65 -14.4 (3 9253 = 17.4, 


Zibogag = -96,000, 
4Fosg = dk - MSs, 
= =91,510, 
Bop = 0.40 + 2.60°10-S2 = 3,62°107¥9", 
-96,500 =dH = dEy + 0.4 D4+.1.25°10-9T" - 1.21-197O28, 
dip = -95,700, 


-91,310 =a89gg = -6,70C - 0.4 Tin 2 - 1,25-10"° 


[4 
iH 


+<0.63, 


AER = -96,700 - 0.4 Tln T - 1.25°10-“2? + 0.60-10- 675 +2087, 
= | (Equation 15) 


Free Energy of MnO and iin(CH)o from Solubility 


The free energy of the Mntt ion obtained in a previous section of this 
chapter may be used to calculate an apvroximate value for the free energy of 
Mn(OH)o2, using the solubility measurements of Sackur and Fritzmaan (332) for 
this last material. Tl.cse authors report 2 solubility of 2.15 moles ver liter 
determined from a conductivity of 1.65-10°~ for the saturated solution in the 
presence of barium suiph:.te, and of conductivity water 2.*107 #6. They measured 
the conductivity when successive portions of anvroximately 1 /o02horaal Ba.(0H) 2 
solution were added to 1/100—normal MnSO4, taking the minimum value so obtained 
as the lowest observatle point. Upon replotting the original data and draving 
straight “ines througn the oints nearest the minimum, as seews justified by 
the data, the figurg 1.05-10-5 ig obtained for the minim conductivity. -Cor- 
recting for the BaSO, end conductivity water, the new figure is 6.2: 107-5 for the 
conductivity due to Mn(Oil)o. Taking 174 for the ion wovility of the OH” ion ant 
44 for + = Mnt*, the normal concentration. (c) of Mn(OE)o is 

ee 1000-62: 10-© _ 2,94-10°5, 

and the molal solubility is 1.42-10-°, | | 
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Then for the reaction 
lin(OH)5 = Mnt+ + 20H-, 
nd: Pees energy of the reaction is 
A¥89) = RE ln (a,,t+)- (an )*, 


vhere (Mn++) is 1.42-1075, and (OH-) is 2.84-107°, if it is assumed that the 
activity coefficient in these very dilute solutions is wmnity. The numerical 
result is 4F8o9) = +18,600. Lewis and Randall give for the free energy of the 
hydrozide ion -37,455 calories, from which, by summation in accordance with the 
above reaction, A¥59 Mn(CE)2 = -145,960 calories. It is difficult to esti- 
mate the accuracy of this latter figure, but it mst be compared to the value 
~91,310 for MnO, obtained from the third-law calculation. | 


To meke such comparison, an estimate of the entropy of Mn(OH)o and of the 
heat of hydration may be made. For the first item, it may be noted that the 
entropy of CaO is 9.5, and for Ca(OH)o, 17.4, an increase of 8.0 units due to 
the water. Since Mn(OH)9 is a much less stable hydroxide than Ca(OH)o, it must 
necessarily be true that the entropy increase will be greater for the former 
than the latter. On the other hand, the difference cannot be as great as the 
entropy of ice, which may be taken as 11 units. The estimate may then be set 
at an increase of %.5 over the oxide. Since MnO has an entropy of 14.4, the 
entropy of Mn(0OH)o is estimated as 23.9 71.5. 


The heat of hydration of MnO mst be smali and may be zero. Mixter's (261) 
value of a heat evolution of 4,000 calories cannot be of great accuracy, because 
the peroxide method hes been shown unreliable, but a low value is indicated. 


Then for the reactior 


MnO + H30 == Mn(OH) 2, 


S29g (14.4 15.9 23.9, 
As = —6.4,_ 
AH = 0, 
AFs9, = 4H - Ids. 
= +1,860, 


If the value of free energy of liquid water is taken as ~56,560 and for 
-Mn(OH)9 - 145,960, and these values arc substituted in appropriate places for 
the above reaction, the free energy of MnO is calculated at 291°K. as -91,260. 
In the calculation the difference between entropies at 298° and 291°K. have 
been ignored in several vlaces, and it is to be regarded as an approximation 


only. 
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The concordance is more than could be ez:pected in view of the devious 
methods used to obtain the two results. It mst not be forgotten that the 
low-te.unerature specific heats of MnO show a marked anomaly, which makes the 
entropy calculation uncertain by 20Q calories, and hoth's heat of formation is 
not claimed by him to ve closer than 700 calories. . These deviations alone 
mignt account for differences of severel entropy units. Solubility measure- 
wents by conductivity ere generally hi,;h, because of tne possibility of unpre- 
cipitated impurities in the reaents wsed. Moreover, the measurements were 
mde at different temmcratures, and svecific-heat deta are lacking to reduce 
them to & common basis. 


Higher Oxides of Manganese 
snecific heats 


Manganic O::ide. - The minerel braunite is an imoure manganic oxide, crys- 
tallizing in the tetra:onal system. and with a density of approzimately 4.6. 
Thermodynemic data are meager. The.only available svecific heet is that of 
Ceberg (280), who gave 0.1620 for the mean specific heat per gram between 1¢° 
and 999C,. This may be taken.as equivelent to 25.40 per formula. Teizht at 57°. 
In this case there are no data for direct determination of the b coefficient, 
and the vest that can be done is to estinste it by analogy vith . Feo03. Parks 
and Kelley (2S1) have made measurements at lov temperatures and find a true 
svecific heat of Fe90z at 0°C. = 23. 45. From the high-temmerature specific 
heats of Roth and bertraua (320) one may estimate Gp (Fez0g at 47.5°9C.) = 25.25. 


Then b is very aes 20. = 6 45 = 0. 0390. 


Furthermore it will de Showa th. a. gneceadine one of this wore that b for 
MnQo is 5.09: 10-¢ end from the MnO curve, b is 0.84°10-“, so that if un203 is 
considered equal to MnO + MnOo, b from this source should be 3.93-107. Finally, 
@ similar assumption as to the limiting value of C,, as in the case of MnO, sup- 
poses in this case C,(hino0z) = 55 at the temperature of dissociation of this 
material, which may “Be taken as 1,100°C. Then 


a + 3.9-10-°t) + ct? = 25.40 (t) = 57.0), 
B+ 3.9°107@t) + cto® = 35.00 (tz = 1,100), 


whence a = 23.26, ¢ = ~2.57:1079, 


Cy (Mng0g) = 23.26 + 3.9+10-*t - 2,57-10-5¢°, 


or Cp(hing0z) = 10.33 + 5.3-10-°2 - 2,57-10-906, (Equation 19) 

' Mangano-Manganic Oxide. - The compound Mng04 exists in nature as the tetra- 
gonal crystals of hausmanite and has an approximate density of 4.8. Low-temver- 
ature specific heats have been determined by eter who reports So9g = 35.73. 
Kelley's recalculation of Millar's results is 25. 520.7, and this peutes figure 
will be used in future calculations. 


1729 ~114- 


Google 


I.C. 6769 


| The high temperature specific heats may be roughly estimated in the same 

manner as previously used for MnO. ‘Thus a = G,273.] = 3.40 from a curve of 
Millar's data, and from the slope of the curve at the same point b= 4.24-10-2 
No data as to the melting point are available, but it cannot be far froml, 500° Cos 
at which temperature it may be assumed that the specific heat has reached a 
limiting value of 49 calories. Then 


32.40 + 4.24-107"t + ct? = 49 (+t = 1,500), 


e = -1.82-1079, 
Gp(¥ng04) = 32.40 + 4.24-107%t - 2.09-107>4%, 
or ,(Mng04) = 19.25 + 5.38°10-82 ~ 2,09-10-°r*, (Equation 20) 


Manganese Dioxide. - The compound MnOg is found in nature as rhombic crys- 
tals of pyrolusite, or tetragonal crystels of polianite, density about 4.8. 
Low-temperature measurements have been made by Russell, (331), who determined 
a few mean specific heats and more completely by Millar, whose data will be used 
here, «a single mean specific heat from 17° to 48°C. is also reported by Kopp 
(210), whose result (13.8) virtually coincides with a slight extrapolation of 
Millar's points. 


The entropy or Millar's data is Soo, = 15. 9 + + 0.4, the true specific heat 
at 0°C. 13.00, ana ( <2) = b= 3.09-107%, Since menganese diozide disso- 


clates in oxygen at a it may ve assumed that the limiting value of 21. Ois 
reached at that point. Then 


©, = 13.00 + 3.09-10-°t + ct® = 21.0 (+ = 565), 


c 


-2.97°107, 
G, (MnOg) = 13.00 + 3.09°10-%t - 2.97-10->t%, 
or Cy (Mn0g) = 1.92 + 4.71-107°2 ~ 2.97-10-°9°, (Equation 21) 


Tnuermal and Related Data 


General Discussion. - The following nreerece can be gleaned from the litera- 
ture on the higher oxides of manganese. 


1. MnOo: Heat of formation, satecer standard electrode potential, thermal 


dissociation at high temeratures. 
2. Mno0g: no direct data except three determinations of thermal dissocia- 


tion. 
3. MngOq: heat of formation and entropy. 
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Preliminary calculations show that the data are not entirely consistent 
‘ith each other. - Thus, assuming the figures for Mn0o to be torrect and going 
through the various stens to arrive at the heat and free enérgy of Mns04, the 

_entropy of this last material as calculated from these values differs from the 
- enperimental by too large a discrepsncy to be ascribable to-errors in the en- 
tropy determination. Similarly, the converse procedure, ‘starting from Mns0z, 
and ending with Mn0o, leads to figures for free energy and heat of formation 
of this latter material which differ too greatly for the error in the entropy 
of MnOo. ' = 


The procedure that seems best adanted to obtain as good thermodynamic con- 
cordance as possible is (a) starting from MnCj, calculate the properties of 
ino0z, (b) starting from Mns04; calculate similar data for hino0z, (c) select 
values for Muz0g on figures obtained from (a) and (b); (ad) using the results o7 
(c), recalculate a revised or adjusted dissociation pressure curve for Mn3xC4 
and Mn0»5 ° 


The new dissociation pressures so calculated will differ from both sets of 
exoerinental data on this subject but will distribute the errors somewhat and 
»roduce free-energy equations that are consistent. | 


langanese Dioxide. - In his paver on low-temperature specific heats, Miller 
(257) reviewed the heats of formation of MnO (Esrthelot 125,300, Le Chatelier 
126,000, and Mixter 119,600) and selected Berthelot's figure to calculate the 
tree energy of MnOo. Mixter's work was rejected, apparently because Mixter hir- 
self was pessimistic about its accuracy. .If, however, the heat of formation of 
MnOo is calculated either by means of the standard electrode potential of Mn0., 
or from dissociation pressures as described in the general discussion above, 
lower values than those of Berthelot or Le Chatelier are obtained, agreeing 
more nearly with Mixter's figure. It seems better, therefore, to calculate 
CH for MnOo, rather than to accept the calorimetric data, especially since 
this latter type of determination is technically difficult in the case of Nn02g 
and would require extremely careful analysis of product when determined in a 
bomb calorimeter. 


Many attempts to utilize the manganese dioxide electrode for measuring 
precise electrode potentials have been made, mt unfortunately most of these 
results are not usable because of the irreversibility of the cells, uncertain 
liquid junctions, and unsuitable selection of electrolytes. However, Brown and 
Liebhafsky (41) have recently published measurements which seem reliable, even 
though a simulteneously appearing article by Popoff, Reddick, and Becker (3507) 
describes the MnOo electrode as irreversibie. These latter authors say, with 
reference to the exneriments of the former, "The main argument is the prepera- 
tion end analysis of the manganese dioxide.".. In spite of the objections raised, 
it must be admitted that the history and behavior of the cells set up by Bron 
and Liebhafsky must be regarded as fairly satisfactory, and their result will 
be accepted here as best available. 
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According to tnese latter anthors, a value of +1.236 volts was obtained 
at 25°C. for the ctandard potential of the reaction 


HiOs + 4BF == * int? + 2120 


Tnen //Zogg for the reaction is -1.206 x 2 xX 23,074 = ~57,050. Using the value 
for the free energy cf tie Mn++ ion given in a nrevious part of this work, 

Fo9) (kntt) = -52,450, and -56,560 for liquid weter at 25°C., in accordance 
with fevis end Randall, the difference between the reference temperature for 
Mn++ and for the reaction may be ignored, end AF298(Mn0s) calculated from the 
above reaction ag -10£,610 calories. 


Ther for the reaction 
§$ 7.5 49.0 13.9 AS = -42.4, 


OF20e = AHeog - 145, 
-10,861 = QHayg + 12,650, 


Thermel dissociation of manganese uioxide. - A number of exverimental ef- 
forts to cetvrmine the dissociation pressare of MnOo furnish data that may be 
used to calculate the heat and free energy of Mng0g. ‘Thus Meyer and Rotgers 
(256) report that Mn0g dissocistes into knj0z at 530°C. in air and 565°C. in 
oxygen, but the process vas slow énd of doubtful reversibility as far as could 
be determined by their dynanic method. For the dissociation of Mno0z into 
Mnz04, they gave 940 and 1,090° in air and in oxygen, respectively, and were 
able to shot) the process reversible. They usec MnOo prepared from the nitrate, 
with the correct percentese of active oxygen. 


Similarly, Adkenesy and Klonowsky (2) gave a number of points on the dis- 
sociation curve disazreeinz with Meyer and Rotgers, but they had used precipi- 
tated mnOg. Further, Kendall and Fuchs (201) resort a value for pure Mn0o 
asreeing with neither of the previously mentioned experimenters. 


Honda and Soné (167) determined critical temperatures of structure change 
by measuring the variation ‘of mametic ‘susceptibility at various temperatures. 
Their fissures are close to those of Meyer and Rotgers. 


The most extensive work on the dissociation of linOo has been done by 
Drucker and Huttner (75)... These authors show that the dissociation pressure of 
manganese oxide depends on the purity and history of the material and is revers- 
ible in a limited range of temperatures. They obtained many determinations, of 
which one set, using precivitated MnO2 and working with excess oxygen pressure 
un to the very last portion of a determination, is reported to represent the 
best measurements. Their e:periments show that solid solutions of oxides are 
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probably not formed, but at lov temperatures the vater content of hydrated or 
precipitated l:nO. cennot be removed without partial decomposition, and at high 
temperatures the reaction to form lngOz becomes irreversible. 


In utilizing these various results, recourse may be haa tu the graphical 
sigue function method, tart is, to make a plot of J=-xinK+/f, InT+ 
sd "zr + saat , Where K is the equilibrium constant or "dissociation - pressure, 


R the gas constant, T the absolute teuserature, AT 9.4 [" , etc., the coeffi- 
cients of a polynomial representing the change of heat capacity of the reac- 
tions. Tue points of the = function plot should be one straight line whose 
slope is J Ho of the standard free energy equation. The value of integration 
constant I = “Ao =>. 

T 


Table 48 shovs the results of such calculation for all usable points on 
the dissociation pressure curve, ss given by tae investigators mentioned avove. 
“sus, for the reaction 


4inQs = ching0z + Oz, 


26,,(ing0z) = 20.66 + 10.3-10-°r ~ 5.14+10- "9" 
(From equation 19, ~». 114) 


(0g) = 6.50 + O.1-107°T, (Zastuen) 
Sum, 27.16 + 10.4:107°9 ~ 5.14-107572 
40,(Mn0g) = 7.68 + 18.84°10-°T — 11.88°10-9T2 (Fran equation 21,-p. 115) 
Difference, AC, = 19.48 - 8.44: ‘10-22 + 6.74-107512, _ (Equation 22) 
= -B ln Batm, + 19.48 In T - 4,22-10-22 + 1,123-107572, 


The dotted line of riz. 9, which shots graphically the disposition of the 
various points, turns out to have e slope of +16,160 calories, wience I may be 
calculated from the points at 621°, 6669, and 696°, which lie on the curve, to 
be +83.57. Then for the TsHebr en 


AF = 16,160 - 19.48 Din 2+ 4.22. 107"? — 1,123+ 10-523 + 83.57 7, 
ZIE598.1 = +11,440. | (Equation 23) 
Alp = 16,160 + 19.48 T - 4.22°10-27? + 2.25-10-°rS, 


4 Hoog.1 = 418,816. | hl ; (Equation 24) 
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TABLE 48. - Thermal Dissociation of MnO» to hinodg 


———— ORE AIP S02 SEED = EN ae 


. | 
Kind of Temperature, | 
eee 10% | Pum 


Author Lins L. Ds 
Askenasy & 
Klonowsky...|.Pot..... : 655 11.527 23. 110.450 
GOs osc walls “AOhivs évatace.toce 721 1.387 | 125: 107.186 
Co COhiecka cue 751 1.332. 1200. 106.278 
Drucker & | | ) 
Futtner.....| do...... we]. (587 1.704 6.6. 112.715 
dO....... Table léL.: — 606 1.650 | 18.4 110.759 
GG iviercias dO..cecsece] 631° 1.585 41.8 109.201 
AG tevesad BOcacdacad 666 1.502 | 86.2 107.839 
do....... (oe rae 696 1.436 | 150.3 ‘106.804 
AOic deed: Oce six stot 759 1.318 | 359.7 105.105 
heyer & From nk 
fs 703 1.423 —— 106.687 
838 1.194 — 103.632 
675 1.482 25.4 |0.0334 | 6.758 | 110.289 
801 1.249 | 502.1 | .661 824 | 104.468 
607 1.647 4.0 | .0053 {10.415 |113.772 
dies 674 1.484 | 25.0 |] .0329 | 6.790 | 110.310 
718 1.393 43,6 | .0574 | 5.680 | 109.276 
758 | 1.320 70.1 | .0922 | 4.740 | 108.374 
788 1.269 | 501.5 | .659 .828 | 104.460 
1.721 4.4 | .0058 }10.240 | 113.491 
23.2 | .0305 | 6.940 | 110.375 
41.6 | .0548 | 5.780 |109.311 
47.3 | .0623 | 5.750 |109.766 
51.0 | .0671 | 5.365 | 108.919 
54.1 | .0712 | 5.255 | 108.834 
252.7 | .293 2.440 |106.073 
403.7.| .531 1.259 | 104.894 
00 921 165 |103.806 
89.6 118 4.251 {107.780 
78.31 .103 4.517 |107.266 
2.4} .0032 111.460 | 114.591 
59.3] .078 5.068 | 108.541 
(60.21 .079 5.038 | 108.532 
.O | .229 2.933 | 106.478 
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since AF= gi 


+11 ,440 


As 


Referring again to tue ecqus.tion of dissociation, anc inserting the resvlts 
of these calculations _ 


+15,815 - 293° 45, 


i 


$24.4. 0 


4\inOo = clunoGz + Op - 


$= 413.9. ax . 49.¢ YS = +24.4 z= 15.5 
AH 4(-121,260).= 2 AH(iins0-3)+0 CB(react) = +18,816 
| EyncQg = “2d, 112 
a2 DL GY 3 
AF 4(-108,610) . 2 yF(iinzg0g)+0 aE(rentt) = +11,440 


. aS a check on the accurecy of these calculations, consider the entropy of 
.nj203 so obtained. . Although ve have no direct measurements of Nn203, its en- 
tropy is probavly not much different from that of Fev0z, for which mterial Kel- 

ley gives Sogg = 21.5. The svecific heat of Fez0g at 20°C. is 25.45 and Mnz0z, 
<3.c6; ana as the entronies may be takea in rougn proportionality, one may esvi- 
uate S299 (hing03) = ae 2 x 21.5 = 21.4, which ciffers by some 6 units froi that 


obtained from the dissociation, Oo di screpancy too great even for this epproxzirte 
method. | a ae 


Mangano-Manganic Oxide. - Before siniler figures are celculated from the 
dissociation of Mno0g, the 1@ heat and free energy of formation of Mnz0, mst be 
lmown. Figures for the neat of formation are quoted by Millar (Berthelot and 
Le Chatelier, both 328,000, Ruff and Gersten, 329,000) but the figure used here 
will be that of Roth (51S),. who reports a neat.of formation of 345,000 calories, 
with e stated uncertainty. of only c00 . calories. Then for the reaction | 


oun. + 202 = = hingQ4 | | ; 
8 = 87.3 249.0 35:5 | AS = -84.4 
“OE ms, 
“2346, 000 + 298. 1°84.4, 


QEa9¢g 


HN. 


tt 


-318, 620, 


Dissociation of vanganic Oxide. - ‘The dissociation pressures measured 0, 
Meer and Rétgers have been ‘given above. Honda's point for dissociation in eir 
is 933 compared to 940 for the former authors. To maintain analogy with the 
Mn0g dissociation, the 2 function is again calculated, even thougn the small 
mumber of points hardly aeaee the use of the method. Tne dzrta are shown in 
tadle 49. 
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This, the reaction is © 


6MnsO03g = 4Mn204 + Oo © 


4C,,(hng04) = 77.00 + 21.52-10-*r - 8.26-10-n° (From equation 20) 
C(0z) = -6.50 + 0.10°107°7 = (sasticen) a 


Sum 83.50 + 21.62-107-"t— 8.261077? 


6C,(inz0gz) = 61.98 + 31,80-10-2n ~ 15.42-10-572 (From equation 19) 


Pa Nea da aad eI eI RSI eo oa ee 


Difference = 4G, = 21.52 ~ 10.18-10-2 + 7.06-10-522 
== -R1n Patm. + a. 52 In T - 5,09-107°D + 1.177°107° 9, 
The slope of the dotted line through the pointe of the =-function plot of fig- 


ure 10, representing the data on Mno0z, is GE, = 40,650, whence I = 77.97. 
Then for the reaction | 


AFQ = 40,650 - 21.52 Tin T+ 5,09+10-272 + 1.177-107-°25 4 77.97 7, 

a (Equation 25) 
AFoog = +32,185, 
Op = 40,650 + 21.52. T - 5.09°107°T* ~ 2,35-10-9 9, (Equation 26) 


_AH-IF _ 9,273 rz 
AScog = G#4z AenSe = “155g = t51-1. 


TABLE 49. ~ Dissociation of Manganic Oxide 


Author ee -10° { Patm. | -RinK s 

Meyer & 

Rotgers..... 940 1,213 0.8244 O.cl 3.102 111.486 
CO sireedae 1,090 1,363 7387 1.00 000 107 .794 


Honda....... 933 1,206 8292 ol 3.102 111.520 


Referring again to the decomposition reaction, and inserting the known re- 
sults above to calculate the properties of Mno0z, there results 
6Mn20z = 41in 204 + 05 
S298 6x 4°30.5 49.0 ASdl.1, X=Soo9g(1in203)= 26. 6 


4H 6/AH(ine0,) 4(-345,000) O AH(react) = +41,923 
Aogg (idn20z)= -256,987 

OE 64F(Mn20z) 4(-319,820) 0 parte = +32,185 
Fo9g(Mng03)= -218,577 


1725 ~l2l- 


Google 


I.C. 6769 


The figures so obtained are to be compared with similar ones obtained fre 
the dissociation of lhinO5. It is anparent that the entropy is now 5.2 units to 
“ih, if 21.4 may be assumed correct. The tvo results for 4H (-236,987 and 
-253,112), if averaged, give the figure which will te selected, 4 Hogg (hitig0s) - 
-235,050,. and the average of the ZF figures (-211,500 and -218,577 is A focg 
(ins0g) = -215,940. Finally, for the formation of Mnp03, since ; 


AS = eae 2 “20,010 ng al. 


Zin + $02 = lng0g | 
S = 2°7.3 $49.0 x, AS = -67.1 


x 


I! 


Tne selection of the average values above results in an entropy of Mnp0; 
only 0.4 unit different. from that estimated from Feo0g, and represents a degree 
of thermodynamic consistency that is about all that could be expected in vier 
ef the nature of the data. 


Standard Free-Energy Zquations.for Higher Oxides. 


The information obtained from the rether involved calculations which have 
Just veen made enable standard free-energy equations to be constructed for the 
formation and dissociation of higher oxides which do not lead to thermodynamic 
inconsistencies, at least as far as entropy is concerned, and which undoubtedly 
furnish the best interpretation of the data now existing. In view of the ex- 
perimental difficulties, and the poor reversibility of some dissociation reac- 
tions, this interpretation is thought to be better in this respect than the 
ectual determinations made. 


Froceeding now to the individual cases, for the reaction 


MN ( ¢ ) + § 02. = Mno0g 


Cp(hingOz) = 10.33 + 5.3°10°°2 - 2.57-10->9° (1) 
(O,(2ung) = 7.56 + 1.48-10°°2 (2) 
Cy($02) = 9.75 + .15-107*2 ee (3) 


Sum of (2 & 3) = 17.31 + 1.63°107°? 


~6.58 + 3.67°107°7 ~ 2.57°107-° 9? 


Difference = 1 Sp 
Alliggg = -235,050 = Hy - 6.93 B+ 1.83-10-22" - 0.857+-10-522, 4H =-224,370, 
Ep = -204, 370 ~ 6.98 iL =} 1.83°107°9¢ a 0.857°107°r*. (Equation 27) 
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AFogg = -215,040 = -234,370 + 6.98 T ln T - 1.83°10-°9T* + 0.428-10-°T? + 1 7, 
I = +30.15, 
me) Am eme -5md 
AEO = -234,370 + 6.98 T ln T - 1.83°10-°2" + 0.428°107° D9 + 30.15 7. 


= (Equation 28) 


Furthermore, from MnzO, there is obtained 


oun qv) + 205 = MinO4 


ee sane Sime 

G (uingO4) = 19.25 + 5.38°10°°2 - 2,09°10°°2 (1) 
©, (Bina) = 11.34 + 2.21°10°°2 (2) 
C.(203) = 13.00 + .20-10-°2 (3) 


= et Saha en ail 
Sum of (2 & 3) 24.34 + 2.41-10-22, 
Difference = 40, = -5.09 + 2.97°10-°n ~ 2.09-10° 9", 
AHogg = -345,000 = YH, - 5.09 2 + 1.485°10-"9 - 0.665-10°°2", YH = -344, 627, 
AB = 344,627 - 5.09 T+ 1.485+10-22" ~ 0.665°107°2%, (Equation 29) 


AFoog = -319,820 = -344,627 + 5.09 Tl 


T ~ 1,485°107°7? + 0.322-107>rS + 1 7, 


I = +58.35, | 


ARQ = -344,627+ 5.09 Tin 2 - 1.485°107°?* + 0.332-107-°T? + 58.35 7. 
= (Equation 3) 


Finally, for the formation of MnOo, according to the reaction 


Ming + Op = Mn0o, 


Cp (ing) = 1.92 + 4.71-107"2 ~ 2,97°10->9° (1) 
Guin’) = 3.78 + 0.741072 | (2) 
(0g) = 6.50 + 0.10-°107°T 3 | (3) 


Sum of (2 & 3) = 10.28 + 0.84+10-27; 

Difference = JC, = -8.36 + 3.87°10-22 - 2.97-107°2*, 

AA Bogg = -121,260 = 4H, - 8.36 T+ 1,94-107“2" — 0.99-10-52%, 
Yo 
Ey 
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~120,230 - 8.36 T + 1.94-:10-22% - 0.99+10-°D%, (Equation 31) 
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AFoon = =108,610 = -120,230°+ 8.36 P'ln T - 1.94°107°2" + 0.495-105075 + 1 9, 
I = -3.21, 


AES = -120,230 + 8.36 T In T- 1.94-10727? 4.0,495-10-575 - sgl. 
-at., (Equation 32) ” 


In the case of the dissociation of MnO. into lin502, the change of svecifi+ 
neat and prelirinary; standard free-energy equations have already been given, so 
there only reucius the necessary modification to accommodate the finally selec- 
ted figures for lno03. 

Z\ B98 4(-121,260) 2(-235,050) ) Avi = +14,940 


AFo9g  4(-108,610) 2(-215,040) 0 ‘AF = +4,360 


Alzog = +14,940 = AH, +.19.48 T - 4.22-107272 + 2,25-107523, 

Ado = +12,296, - a > 

Ain = 112,296 4+ 19.48 T ~ 4,22-1072¢2 + 2.25°1075¢3, (Equation 33) 

AF ogg 2 +4, 360 = 412,296 - 1s. 48 Tin T+ 4,.22°107872- 1.123-10-573 41 1, 
elgg Mee Gee 


ABR = 412,296 - 19.48 Tin T + 4.22-10°“2° - 1.123-10- 29 + 72.8 2. 
ee 4k Sass i Been & (Equation 3) 


Similarly, for the reaction 


6MinsOg - 4rinz04 + 00 


QHo93 6(-235,050) 4(-345,000) 0 rp: +30,300 


Akogg 6(-215,040) 4(-319,820) 0 JF = +10 960 


Alogg = +30,300 = AEy + 21.52 T- 5.09 "10-2? ~ 2,35:107°29, AE = +29,027, 


Ain = 429,027 + 21,522 - 5.09°107°2* _ 2,35: -10-5g5, (Equation 25) 

AE2gg = +10,960 + 29,027 - 21.52 T in T + 5.09 10-272 +.1.177-10-593 + 1 9, 
I = +45.67, Se, an a 

AER = 429,027 ~ 21.52 T ln 2 + 5.09" niga + 1.177-10-513 + 45.67 2. 


(Equation 36) 
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If now one proceeds to calculate dissociation pressures for MnOo and hnoOg 
from equations 54 and ¢6, the results so ootaired at any temperature are mcnh 
hizher than the observed exverimentai on.s. To obvtain thermodynemic consisten- 
cy it has become necessary to assume that the exmcrimental dissociation pres- 
sures are licorrect. 


Tre discrepancy sc disclosed leads one to a hypothetical assummtion that 
the dissociations actually cccurring rere not in fact those whose equations 
were vritten. Thus, for example, one might suppose that hinQo dissociated to 
Mnd, or a instead of mets. 


Tke necessery calculations for the reaction ehn05 = eMnO + Oo were car- 
ried through, assuming the properties of MnO» to be correct and calculating 
from the observed dissociation pressures wnat the entropy of MnO would be if 
this actually were the reaction. without reproducing here the actual figures 
involved, it may merely be stated that the entrony of MnOo calculated in this 
way turns. out to ove less than 2 units, an obviously impossible condition. 


In contrast to this, calculations for the second hypothesis show an almost 
satisfactory condition. In the reaction 


3 MnQo 


unz04 + Co 


; a aeycer yor 572 
Co(MngOg) = 19.25 + 5.38:10-°T - 2,09°10-°r 


esa 

C(02) = 6.50 + 0,10-10~*2 
Sum = 25.75 + 5.48-10-27 ~ 2,09-10-572 
Cp (Sindg) = 5.76 + 14.13-107°T - 8.91°10799" 


Difference =4C, = 19.99 - 6.65-107®7 + 6.82°107°7* 
The 2 function is then 

S = -R ln p + 19.99 In D— 4.325°107°2 + 1.137-107 97", 
Table 50 shots the individual points for the “best" results of Drucker and 


Euttner (75). The slope of the middle points which more closely represent a 
straight line is “ZH, = +14,930. Then 


AEp = 14,980 + 19.99 2 - 4,525-10-82? + 2.27-10-5y2, 

AEoog = +18,645, 

5% = +14,930 - 19.99 In T+ 4,425-1o-?7? ~ 1,137-107°9 + 28.18 T, 
A¥o9g = +10,842. 
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If similar figures ere calculated from: ine accepted heats and free ener- 
gies of the components | 


MnO = Mng0,4 + O82 
PAR! 3(-121,260) -34,500 O JZH59g = +18,780 
Jaz 3(-108,610) -319,820 0 QFo9g = +6,010° 


These values, +18,780 and +6,010 calories for ‘heat and free energy, Col 
pare not too badly with +18,649 and +10,842, calculated from the assumed disso- 
ciation of MnOo in Mn 3045 using dissociation pressures, and because the heats 
of reaction check so well there is a considerable incentive to assume that ln. 
really dissociated into Mn 304 in the decomposition experiments. Hcwever, 
Drucker and Huttner made ‘'-ray measurements of pure MnoO0z and of their partly 
dissociated dioxide, and their evidence seems to prove very definitely that no: 
Mnz0q4, but MnoOg, is formed. It is unfortunate that they did not also determin 
the X-ray pattern of "Mnz04, since such tests would have definitely settled the 
matter. It should also be stated, however, that if the values 18,780 and 6,016, 
calculated from MnOj and Mnz04, are used to set up a free-energy equaticn, the 
hypothetical decomposition pressures so calculated are considerably higher thar 
the observed. The multiplicity cf atoms and molecules involved renders such 
calculation very sensitive to small errors, but the behavior of the MnQpo in the 
dissociation experiments indicates tnoat the true disscciation pressure may be 
higher than that measured, cecause it was found that even a small amount of de- 
composition lowerod the observed pressure. 


In conclusion, it must be admitted that the question of the dissociation 
of the higher oxides of manganese is still in a very unsatisfactory condition 
from a thermodynamic viewpoint. Some crucial experiment which will definitely 
confirm one of the various hypotheses that have been advanced is greatly needed. 
Until that time, perhaps the best that can be dcne is to assume that the disso- 
ciation experiments are unreliable and that the prccesses are probably irrever- 
sible.. 


TABLE 50. - - _ Function for Reaction 


MnO. = mks + Oo (Drucker and HKuttner data) 


7 t : ; : , a : ; ' 
eupere ure 2 10% -R ln p. ae > 

K. T 
587 9.435 
631 5.763 
666 4.324 
696 3.026 
159 1.488 
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MANGANESE SULPHIDE - 


Physical Properties 


Menganese sulphide occurs in nature as the mineral eigbanaite and crystal- 
lizes in the cubic system; density, about 4. 0. According to Shibata (346) it 
melts at 1,610 + 3° ¢. 7 


| ntiae Heats 


The only available specific heats for inanganese sulphide at low tempera— 
tures are those of Anderson (6), who gives for the entropy Sogg(MnS) = 18.7 
O.3. Manganese sulphide has a very pronounced and peculiarly shaped anomaly | 
in the specific heat curve in the neighborhood of 125°-140°K. Nothing is known 
as yet concerning the validity of entropy data obtained by determining the 
anomalous area. Since MnO, Mn0o, and MnS all have "humps" in the specific heat 
at low temperatures, these materials offer an excellent opportunity to check 
the effect of such peculiarities if adequate chemical data could be secured. 


The only figure for high-temperature specific heats of MnS is that of 
Stella (355), who gives 0.1392 per gram, or 12.1 per gram-formla weight of 
MnS. Under these circumstances the best that can be done for high-temperature 
soecific heats of MnS is an estimate similar in method to that used for the 
oxides of manganese. 


Thus by plotting Anderson's data in the neighborhood of 0°C., 


a= C, at 0°C, = 11.82, b= (4Cp) . _ = 5.24°107%, c, at 1,610 = 14.0, 
p ae $=0 “2 3 
ce = -2.42°1075, ana 
Cy(MnS) = 11.82 + 5.24°107%t ~ 2.42-107°4*, 
or C,(MnS) = 10.21 + 6.56-107%r - 2.42°107 Sr, (Equation 37) 


Thermal and Related Data 


Older determinations of the heat of formation of MnS obtained by precipi- 
tation methods are those of Thomsen (369), who reported 44,390 calories for a 
hydrous sulphide from sulphate solution, and Berthelot (24), who obtained 
45,600 calories for the sulphide precipitated from the acetate solution. These 
values are in complete disagreement with the direct determinations of Wologdine 
and Penkiewitsch (395), who attempted to measure directly the heat of formation 
by igniting a mixture of powdered manganese and sulphur in a bomb under nitro- 
gen pressure and obtained 62,900 calories. Many recent investigators have 
shown that nitrogen combines directly with manganese even at relatively low 
ignition temperatures, but even this obvious source of error in these experi- 
ments cannot account for the large discrepancy. Reference to their original 
article discloses a none too careful method of analysis of resulting sulphide 
and considerable vagueness in regard to the rather large corrections applied 
for the igniting powder of ee nNenrereseseeue chlorate. 
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Ry thermodynamic means, values for the heat of formation of MnS may be 
calculated fron other data, which confirm the magnitude of the results of Thor 
sen and Berthelot; in furtherance of these calculations the value of Berthelct 
is accented tentatively. , 


As first atterpt to calculate the heat of formation of MnS, consider the 
solubility data of Weigel (382), who obtained 54,5-107 moles per liter for the 
solubility from conductivity experiments at 18°C. To calculate the solubility 
from his measurements of conductivity, Weigel assumed complete hydrolysis of 
the hinS, but it seems more probatle that the actual solution may be better ex- 
pressed by the equation - | 


MnS + Ho0 = Mn*+* + EST + OH. 


He made some measurements of the conductivity of HoS solutions to show that his 
calculation was correct, but a simple celculation shows that the HS ion exists 
in relatively large proportion. Tims, if the_molal concentration of Mn(OH)> | 
from the hydrolysis of sulphice were 5.45-10-", as determined by Weigel, then 
(OH-) is aporoximately 1°10-*, and since (H+) (OH-) = 10714, (Kt) = 10-10, the 
equilivriun constant for the first dissociation of HoS->Ht + HS” is roughly 
10-‘, then | | 


_ - 7 
CH") (HS7) _ 6-7, (Se) TOT. 5s Ha. 
(HoS) 
In view of these conditions, the measurements of Weigel: will be recalculated. 


Lt was found that the increase of conductivity due to hinS (green) ras — 
£3.88°10 ~3; then the molal concentration of MnS, assuming complete dissocia- 
tion into Mn’, HS”, and OH ions, is 2 


1,000°23,38°10°§ 5 |: gs 
fe es, Fs, 3 @ 
Seog een 6 eee 


where 45 has been taken for the icn mobility of $ unt, 174 for OH, and 62 fcr 
HS. (Note that the value 7,16:10-° refers to the green sulphide, and it is 
only fortuitous that Weigel calculated 71.60°10~© for the £leskL-ceclored sul chick. 


Then for the reaction attending scluticn of the MnS, 


K = (Mn++) (HS™) (OH) = (7.16°1075)°, 
= 3,67°10-19, 
and 4F = -RT ln K = -4.578-291-(-12.435), 


ee ee 


I 


+16,560, 


Further; if one ignores the difference in reference temperatures, and agai. 
vrites the reaction | 7 > ie 
MnS + H,0 = Mntt + HS" + OF ,. 
FAR x -56,560 ~-52,450 +2,980 -37,455 AF = +16,560, 
x = -47,025. 
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The values for H,0, HS”, and OH are those of Lewis and Randall, that for 
Mn++ being given in an earlier part of this work. 


Finally, assuming that -47,025 is the free energy eat 298, one may write 


Mns 


Mn(qy) + S(rh) = 
Sogg 7.3 276 18.7 AS=+3.8 
LE = Au a Ids, 


~47,025 = JH - 1,135, 


I 

| 

fh 
on 
ee) 
cO 
© 


Fast 


This result must be regarded as a fortuitous check with Berthelot'!s -45,6CC 
but confirms the order of magnitude. 


As a second check, the work of Guntz (129) my be used. This experimenter 
found that pyrophoric manganese reacted with SOs to give MnS and MnO and was 
converted to manganese hydroxide with the evolution of 98,600 calories. If 
from this last figure one subtracts Roth's heat of formation of oxide, 96,500, 
a "correction" term of 2,100 is found for the "pyrophoric" manganese, if the 
heat of hydration of the oxide is ignored. So in the reaction 


BMn(pyro) + SOs = MnS + 2hnd, 
AH 32,100 -70,940 x 2(-96,500) JH = -82,400 
AB(MnS) = x = -46,160. 


In the equation above, the SOg value is a recent one of Eckman and Rossini 
(80). Here again a very satisfactory confirmation of Berthelot's older value 
for MnS is found. 


As a final check on the heat of formation of MnS, reference may be made tc 
some experiments of Jellinek and Von Podjaski (179). These experiments will be 
considered in detail later in connection with the thermodynamic properties of 
manganese chloride. Mention will be merely made here that the slopes of their 
equilibrium data lead to a value of heat of reaction which could only be ob- 
tained from a value of heat of formation of MnS corresponding to the figures 
given above by Berthelot. 


In writing the standard free-energy equation for the formation of MnS, the 
value ZjHo9g = -45,890 will be taken, as representing the mean of the three 
good results discussed above. Then 2)Fo9g = -47,025. Therefore the reaction 

Mn( ) + S(rh) = MnS. 
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Co(tins) = 10.21 + 6.56-10-7 - 2.42°10-Sr* 
Co(in () = 3.78 + 7.38°10-°2 
Cpy(S rh) = 4.12 + 4.70-10-°r (Lewis & Randall) 


7.90 +12.08-107°T 
Difference = JC, “= 2.31 = 5,52-10°°@ ~ 2,42-10-°r" 


ABogg = -45,890 = Jy + 2.31 2 - 2.76°107 97 = 0.81°10-rS, = (Equation 2¢) 


QE = 46/315, 
A¥ocg = -47,025 = -46,315 - 2.31 2 ln T+ 2.76°10-87? + 0.403°10-6n3 + 1 2, 
I = 49.90, 
ABS = -46,313 - 2.31 Tln T + 2.76°10-%T? + 0.403°10~5r3 4 9.90 7. 


| | ee (Equation 39) 
Liquid Manganesé Sulphide’ 
There are no direct determinations: of the heat of fusion of MnS, tat since 
the imvortant metallurgical use of manganese as & desulphurizer’ involves liquid 


sulphide, it may be worth while to mace a very approximate estinate. of the | 
proverties of Liquid Mns. . 


If one attempts to ee the heat of fusion from the melting points of 
the FeS —- MnS system, using the data of Shibata ac: 346), absurd results are ob- 
tained. | | 


As an alternative,: the assumption may be made that the entropy of fusion 
of MnS is the same as FeS. yor the latter material, there is available a single 
approximate measurement of Bornemann and Keng stenberg (30), corresponding to 
calories per gram or 5,270 calories per FeS. Since the melting point is 1, 178%, 
the entropy of fusion is 3.64 units; and the heat of fusion of MnS, melting at 


1,610°C. is estimated at 6,850 calories per MnS. 


A very crude guess at the. pres heat of Liquid Mins would be 16 calories 
per formla weight. . , 


eee carson 


Manganese carbonate occurs in nature’ as the mineral rhodochrosite, with a 
density of approximately 3.5, crystallizing in: rhomboledra isomorphous with . 
calcite. No allotropic forms have been reported. 


” Specific Heats 


The specific heats of the natural ‘mineral have recently been Secepiined 
throughout the low-temperature range. by Anderson (2), who reports for the en- 
tropy Sogg = 20.52 7 0.4. 
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For the high-tempereture range no cata are available, and the specific 
heat must be estimated in the same manner @s used previously iaianeig mone: 
‘Thus, from the value taken from Anderson's curve at 3 : | 


t= 0°C., a = 6,273.1 = 18.62, b = — 1273.1 = 5.721077 —< 


aed) 


Further, since Mn0Og reaches a dissociation pressure of 1 atmosphere near 500°C, 
and assuming that Cs = 35 at that temperature, 


c¢ = -0.9/1075, 
Then C,MnCOg = 18.62 + 3.72-10-%t — 0.9°10-or, 
a Cy (unC0g) = 7.79 + 4.21°10722 ~ 0,9-10752°, 
Toermal and Dissociation Data 


The older value of Thomsen for the heat of formation of MnC0,, 210,840 
calories, is regarded as much less certain than the recent mesa ee of Roth 


(319), who gives for the formation from its elements, 219,1002 800 calories, 
and for the reaction 
Mind + COg = MnCO,, AE = -28,300 * 800. 
The free energy of MnCO3 may be calculated from the third law as follows: 
ln(y) + C + 0g = Mn0Og, 
Sogg 7.3 1.3 73.5 20.5 AS = 61.6 
AF39g = AHace - LAS29g, 


~219,100 + 18,220, 


[ 


-200,880. 


The figure so obtained may be checked by comparison with dissociation data 
for unc0., which have been determined experimentally by Manchot and Lorenz. As 
before, it will be desirable to set up a > function plot for the experimental 
data. Thus for the reaction 


MnCOz = MnO + (0g 

Cy(hinO) = 7.43 + 1.04-107*n ~ 0,362-10-°2* 

Co(C0g) = 7.70 + 0.53-10-82 - 0,083-107°9* 

Sun: 15.15 + 1.57°107°T — 0.445°10752° 

GC, (tinCOg) = 7.79 + 4.21-10-22 - 0.90-107°a" 
Difference = AC, = 7.34 - 2,64+10°°T + 0.455-107 57° 
S =-Riln p+ 7.3% ln 11.32-10-°2 + 0.076°10-592, 
1725 | eis. | 
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Table 51 shows the specific figures based ¢ on the various e--periments of 
Manchot and Lorenz, and the corresponding. chart of 2 v. = appears in figure lo, 


These authors showed that the eaue thors betveen carbonate, oxide, and 002 Wag 
only moderately reversable’. | 


TABLE 51. - $ Function for. Thermal Dissociation of ee 


be atte pe le we b= LN 
N&R 


er a sa z 


1 
G) 


| Cee 250 523 | 1.913 
300 573 | 1.745 
350 623 | 1.606 
500 773. | 1.294 
Die he 250 523 | 1.913 
300 573 “|: (1,746 
325 598 1.672 
350 623 1.605 
375 ©6648 1;544°- 
400 673 1.486 
eee 350 623 1.605 
375 648 1.544 
Donnas 250 523 | 1.913 
300 573 1.746 
325 598 1.672 | 
350 623 1.605 
375 648 1.544 
400 673 1.486 
425 698 | 1.432 


450 723 1.584 


The line drawn in the figure has this slope, passing through those points which 
seem from the experimental data to be best. Then the value of I for the free- 
energy equation is found to be -0.1, apne the free energy of dissociation is 
given by the expression _ fs 


AED = +27,245 - 7.34 Tin T 3 eee i aaeacal -~ 0.1 @, 
A¥8og = +15,913. : 
This final result may be. at with that calculated directly 
Az29g -200,880 -91;310 -93,650 AFogg = +15,920. 
1725 -~132- 
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Tae concordance here between the two values of free energy is, of course, mach - 
better than could have been expected from the nature of the equilibrium data. 


As a final check on the free energy of formation of MnC0z, “one may utilize 
the measurements of the solubility of this material in solutions containing car-. 
bon dioxide. Thus, Haehnel (142) ‘found that when. the partial pressure of CO. 
vas 1 atmosphere, 0.04 percent MnCOz was dissolved at 18°C., and when the ee 
sure was 56 atmospheres, 0.08 percent was so dissolvcd. The corresponding molal 
concentrations _ of MnO, are 3.48° 10-5, and 6.96°107%, | Further, one may write 
Ks ee where Y is the dissociation of manganous bicarbonate, Int 

2wvVe 
this case, because of the low concentrations involved, ~ may be assumed enon, 
to unity, The solubility KBr seus? of MnCOz, K (Mat+) (COz--) is related to 
K by the expression Kz Where K) an and K Kp are the first and second dis- 


sociation constants for - cartindé acid. . Lewis and Randall give xk) = 350- 107”, 
Ko = 3.7°10-11 at 25°. We shall have to assume that the difference between the 
ratio “2 at 25 and 18° is nogligible, since more specific information is lack- 


ing. te solubility of CO5 at (18° is °. 0414 molal when the. pressure is 1] atmoe~ 
phere and 1.25 molal at 56 etmospheres. aa 


7 -3)2- 6 
and E(56 atm) = ‘28 7 4,48°107%. 


Further, Kg atm) = 


= 1.81-10-19, 
_ (4,48-10-5 3.44, e-yo-ll 
K3(56 atm) = — oo. io- 
= 4,66° -yo7l9, 
For the reaction MnCO, = Mntt + C07, 


424, 950: at 1 pumecobere and +24,400 at 56 atmospheres 


> 


4829) =-B Tin Ky 


If the difference in free energy of vnttion Peel COg-- Lon between 18° and 25°. 
is neglected, the value -52,450 may be used for the former, and from Lewis and 
Randall -125,760 for the batter, then J F° for MnCO,z, from the above reaction 
becomes, for the two sets of data, -203, 188+ and ~202° 610. Correction to 298°, 
in accordance with the approximate ppeene rc heats for une reaction 


‘Mn(Y) + C(@er) + 50p = ung, 
AGp (near 25°C.) = a; 35, 
reduces these values approximately 500 salon bea, 80 that we have B¥Edq 298 (MnCO.) 
h 


= ~202,660, and -202,110. These figures agree.surprisingly well with the. pre- 
vious one, -200,880, obtained from the third lav, especially when the many 
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aoproximations in the. calculation from solubility data are considered, as well 
as the nossible MBC oP anny of at least 800 calories in the heat of formation 
of the CARBONE UE sate 


: aiiietieaieas | 

Although menganese sulphate occurs in several hydrated forins in nature, 
these materiale have little significance for metallurgical purposes. The pres- 
ent discussion is.limited to the anhydrous ‘sulphate. . The density of the anhy- 
drous salt is pprcbenyy: near 3. em 7 = %. 

pe . Specific Heats 

No yecieis heats of manganous guiphate at low Vonperaueees are available, 
and the entropy’ cannot be determined directly. The only available figure for 
specific heat is the very old one of Pape (287), who reported 0.182 per gram, 
or 27.5 per iinSO, , as mean heat from 20° to 100°C, Friedrich -and Blicke (99) 
reported that the sulphate melts at 700°C., but Hofman and Wanjukow (165) fourd 


no evicercefor fusion at temcratures above 750°C. The pressure of thermal de- 
composition becomes an atmosphere at 1, Q20° - 1, 030° Cc. 


The value of 7 éalories per errr his vag selected as the limiting 
specific heat for the oxides, may be assumed to be reached at l, 027°C. 


Then G,(sinSO4) = 26. 6+ ‘+ 5° 107%, 
Gp(¥nS04) = 22.5 + “16 “10-22, 


The question of possible allotropic modifications of anhydrous MnSOq is 
one that cannot be settled definitely by the data now available. Thus Fried- 
rich and Blicke, studying heating curves, found arrest’ points at 700° and 860%. 
Hofman found similar points but ascribed the effect to decomposition. In dis- 
cussing the thermal decomposition of MnSOx it’ will: be shown later than an 
anomalous condition prevails at 880°C. 

Rondaand Soné (167) made measurements of magnetic si ssentini lity between 
~200° and 1,200°C. Their data show a slight change of trend of the curve shov- 
ing permeability v. temperature at slightly | above os and a very marked 
change near 850°C. 


Thermal Décb: osition 
By far the best data on the thermal: desciiosettiGa of nS0, are those of 


Marchal (241). The sulphate decomposes into a mixture of SOo, SOg, and Oo, 
with MnzOq ¢s the solid phase. It may be supposed that the primary reaction 
is en 

GMnS04 = Mng04q + 280g + S03." * 


The sulphur trioxide so formed dissociates further into SQ5 and.O5, and the 
anounts of the various gaseous constituents: may ‘be cetermined if it is assumed 


1725 ~134-_ 


Google 


I.C. 6769 
that equilibrium is attained in the reaction . 
2803.= 2809 + Oo, 
as well as in the primary reaction. 

To calculate “/C, for the dissociation reaction, a special expedient must 
be used, because no data are availabie for the specific heat of S03. However, 
Lewis and Randall have show that if as Cy is assumed zero for the reaction 
a remarkably consistent value is obtained for the integration constant of the 
free-energy equation for ‘this latter reaction. Then 4C, mst be the same for 
the primary reaction as for the sum of the peanery poe ane the as? di sso- 
ciation, that is, oo 


Then the specific heats for this reaction are siven ig tne following ex- 
pressions: 


G,(ung04) = 19.25 + 5.33" ‘10°20 2A) ovo? 
Cp(3S0g) = 23.10 + 1.59°107@2 ~ 0.25" 10°59 | 
C(02) = __6.50 + 0.10: ‘10-2 

Sun 48.85 + 7, 07: 10-22 2.34 4-10-02 
Cp(BinS04) = 667.5 + 4.50: 10-22 

AL = -18.65 + 2,57-107°2 - 2,34-10->2° 


2= -R ln K - 18.65 In T + 1.285°10-“F - 0,39°10-°9?, 

Table 52 gives the data of Marchal and the corresponding figures from whict. 

is determined. Figure 11 shows the results graphically as Z vec. 

Reference to the figure shows that except at the ends of the chart good 
concordance with the required straignt line is obtained. At low temperatures 
the points deviate markedly, hovever. If a line (shown dotted) is passed 
through the two lowest points, it intersects the full line at a temperature of 
878° » Thich is approximately the arrest points 850 and 860, obtained by are 
investigators: mentioned above. ‘Tne slope of the full line, that is, AH, 
+153,800 calories and of the dotted one 221,000. These figures may be a to to 
calculate the heat of ponueEren of seat in order :to determine the validity of 
the data, | 
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Figure 12.- Sigaa function for the vaporization of Waly. 
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Thus, for the reaction 
— Bins, = Mng04 - a + 802 
Alp = 153,800 - 18.65 T + 1.285: ‘10-222 . - 0.78-107 re 
Alogg = +149,186, . | | | 
AFp = 153,800 + 19.65 T 1n T - 1.285"10-272 + 0.39°10-573 ~ 229.08 @, 


eae 


Q¥ogg = +117,210. 
For: MnS0,, Alex Hogg = -345,000 + 2(93,540) + 70,940 + 149,186, 
= ~250,735 


OFoog = -319,820 + 2(86,670) + 70,440 + 117,210, 
| 8 


= 226, oe0". 


The figures for the heat and free energy of SOp above ere taken from the 
recently recalculated figures of Tastman (79). and the figures for SO. are ob- 
tained by correcting Lewis and Randall's calculation. for this material in ac- 
cordance with Eastman's S02 revision. a 


Berthelot's figure for MnSO4 was -249,400, which is to be compared to the 
calculated one of -250,735. The difference of apvroximately 0.4 percent is per- 
haps all that could be expected for this sort oF calculation. The latter figure 
wlll be used for further calculations. 


as final check, the entropy of MnSOg may be calculated. For the reaction 


Mn(c{) + S(rh) + 202 = MnSO, 


7.3 7.6 2(49.0) =x AS= THO TSS = BEC LOSS ~75..8 


lu 


S298 (MinS04) =x= 33.1. 


In the absence of any direct gatas the result 33.1 for the entrony of MnSO, 
seens a reasonadlé figure. ; 


It is evident that the slope of the dotted line will give a hypothetical 
value for MnSOq differing by approximately 23,000 calories from that directly 
determined. Tris difference is too great to be accounted for either oy fusion 
or by a transition in the solid phase. It must be concluded that the upper 
points are in error or that a difrerent reaction is taking place here. It seems 
velleproved trat Mange, is the actual product of decomposition, so that the form- 
ation of a basic sait is improbable. It can be showm tnat the oxygen-dissocia- 
tion pressure of Mng90, at these temperatures is considerably greater than that 


1725 -~137- 


Google 


I.C. 6769 


from S0z, so that the reaction here could not be the formation of this oxide. 
The formation of MnO9 is even more improbable. The heat of reaction MnS0, = 
MnO + SOgz is very far from the observed slope. The direction of the differen:: 
between the dotted line and the full line is such that a larger dissociation 
pressure would bring better concordance; and in view of this fact, the author 
1s inclined to assume that equilibrium vas not attained at the lower temmera- 
tures. These arguments may lack conviction, and it is certain that further 
work in this interesting problem should be done. 


MANGANOUS CHLORIDE 


Manganous chloride, like the sulphate, has a number of hydrated crystai 
forms which have little interest for the present purpose. The anhydrous mater- 
lal, which has been found naturally as a product of volcanic activity, has a 
density of approximately 3.0, and according to Sandonnini (335) melts at 650°. 
The vapor ah is. Bormeh 


"Specific Heats 
No specific heats of MnClp at low temperatures are available, and the oz, 
determinations on this material seem to be those of Regnault (312), who reper: 
0.14335 for the mean spécific heat per gram from 98.90 to 22.22°, and 0.14175 
from 98.74 to 22.500C. The figure 18.05 per formla weight at 60°C. will te 


taken as representing these results. As pace the specific heat per gran- 
atom will be taken as 7.0 at the melting point. 3 


Pn Then 18.05 =a + 60d, 


21.0 =a + 650 b, 
b = 5:10°%, | 
a =17.75, 
Cp(hinClg(s)) = 17.75 + 5:10-“t, 


16.38 + 5-107%r, 


For liquid MnClo,.it seems propauie-4 that the specific heat should be ac- 
proximately 8 per gram atom, that is, ©. p(MnC12(1)) = 24.0. Consideration of 
the possible degrees of freedom of the | ee in the vapor led to the theoreti: 
value 12, Perhaps the expression C C,(MnC1l2(g)) = 12 + 2-10-9ST will not be gre 
ly in error. ee ce =” 


Vapor Pressure 


The only available vapor-pressure measurements on MnClo are those of the 
present author (237). It seems worth while to set up a 2 -function plot for 
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these results. Tims, in the reaction 


MnC15(1) = HnClo(g) ’ 
C,(nnClg(s)) = 12.0 + 2:10-9%D 


Gp = -12 + 2-10-9p 
> =-Rinp-121n7+1-10°°R. 


The various individual figures for the 2 plot are shown in table 53, the 
corresponding chart in figure le. The fact tnat the use of the specific heats 
selected eve largely eliminates the curvature of the 2 v. T plot compared with 


the log p v. T curve given in the original publication confirms the order of mag- 
nitude of these assumptions. The points in the central part of the chart show 
an excellent conformance to the theoretical straight line, and deviations occur 
only in the high and low ranges, where the accuracy of the experimental method 
vas less good. . | | 


TABLE 53. - 5 Function for Vaporization of MnCl» 


Temperature, | 1 ‘ae Log V.P., 
ae M meters atmospheres -Rinp z 
1,071. 10.0 -1.8808 |. 
1,113. 25.1 ~1.4813 
1,145. 33.0 ~1.3624 
1,160. 41.1 -~1.2670 
1,157. 47.2 ~1.2070 
1,190. 54.3 ~1.1461 
1,215. 83.7 9584 
1,232, 102.4 -.8706 
1,246. 121.0 ~. 7980 
1,261, 138.9 -.7385 
1,278, 168.0 ~.6556 
1,293, 201.0 -.5778 
1,005. 226.4 ~ 5259 
1,320. 201.2 ~.4808 
1,37, 530.9 -~. 3614 
1,363. 374.8 ~, 3071 
1,372, 410.0 -,c681 
1,378. 426.1 ~.2514 
1,398. 455.0 2228 
1,41e. 529.1 ~.1575 
1,423. 565.5 ~.1288 
1725 ~139- 
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The ‘slope of the &-function plot indicates that the heat of vaporization 
is 


+46,950, 


46,950 - 12 T ~ 2-10797%, 


ine 
r 
I 


Hogg = +43,550, 


46,950 - 12 T ln T ~ 1°1079T" ~ 118.27 7, 


| 
vo) 
tI 


Fo 59g = eed 972. 


The free-energy sauntiion above ie anaeupteaiy better for purposes of e:-tra- 
polation than the original log p v. + plot in the original reference. In vier 


of this fact, table 54 and figure 13 show the vapor pressures calculated from 

the hee Using this method of extrapolation, the normal boiling point is 
1,175°C., whereas the figure l, 190° was ooves neo: by the less-accurate method of 
extrecoleti on used previously. 


mera end Equilibrium Data 


Using a dynamic method, Jellinek and Von Podjaski (179) have determined 
the equilibrium concenvreyscn of ‘the gases for the reaction 


MnCl2(s) - ~ eae MnS -— oaks 
at three different temmera tures, aeeredenine equilibrium from bowun sides at tiie 
intermediate point. These figures cad .be used to calculate the free energy of 
the solid chloride. Thus 
Cy(2HC1) ='13.52 + 1213-10-80 4 + 0.26°1075r2 
Gy(WnS) = 10.21 + 6.56-10"97_ ~ 24210-6492 
‘Sum 23.73 + 7.77107 8p = 2.16+10-672 
| Cpy(H28) = 7.20 + 3.60-10-°r 
Cp(MnClg) = 16.38 + 5.0-10-3r 
Sum 23.58 + 8.60: ‘1073p 


Difference = jC, = 0.15 - 0.83: 10-8 - 2.16: 107-692 
2 = -R ln K + 0.15 ln T -'0.415: ‘10-37 - 0.36: oe) 


The various. items calculated for this latter formula are listed in table 
55 and shom erppbtcally. in figure 14 as2v. a 
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TABLE 54. - Vapor Pressures of unClo 


Temperature, Log ¥.P.,° _. V.P. 
oC. atmospneres Atmospheres __Millimeters 
B50 soon a.gieetebes I -B.969* ot. | 0810-8 0.8 
TOO seat de aio caus | -2.526 2.98-10-3 2.8 
TOO reeiimeretarte ~2,133 7.36°1079 5.6 
BOO iia knecidastes ~1.779 1.67°107° 12.7 
B50 iasieee acetates wh .462 3.46°107%. 26.8 
900... sc eee eee -1.170 6.76°1072 eee 3) ee 
DEO h chee doin d-oveaare Ole ie ie 91.9 

L000 wewcneetene lh... --e8e 5 

L050 seine Auiaputaes we ABB! 

TMOG gebacsdnataraiet ~.272 

D150 svsaesin anes ~.0S2 


TABLE 55. - $Function for Reaction MnClo(s) + Ho$ = MnS + 2HCl 


j l Baye 
A en Ca Se x 
407- | . 680 147. | 0.0265 +7751 
56 246| 779 1.284 ' 1335 42.634 
~ 831 


583 | = B56 1.168" 1.852 


The heat of the equilibrium reaction nee Be bebemined: from thermal data: 
MnClo(s) + HoS = MnS + 2HC1 
Zjbe9g -112,600 -4,760 -45,890 2(-22',000) JH = +27,470 

. The heats for HoS and HCl are those used by Lewis and Randall, that for 
linCls is Berthelot's, and the MnS figure is the one selected in an earlier part 
of this work, | | 
Then AHo9g = 427,470 = AAHo + 0.15 T - 0.415°107Sn? ~ 0,72-10-62, 
ABC 
The middle point of the data of Jellinek and Podjaski may be selected as 


most reliable, because it was approached from both sides of the equilibrium. 
line show in ‘the chart is drawn through this point with the theoretical 
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slope of /JH, = +27,481. The line so drarm is almost precisely the one that 
might have been put through the points shown without reference to other data, 


end @ very satisfactory interpretation of the data is thus apparent, 


The heats and free energy of the reaction are then given by the expressicrs 


AU, > ~ 427,481: + 6, 15 E~ 0,415: Or Sr ~ 0,72° 10-675, 


OF = 427,481 - 0.15: ‘T An T-+ 0.415: 10-82 + 0.36°10-59S . 32.64 L 


J] 802 = +17, Bees 


Again writing the reaction: 


MnClo(s) + | HS = - uns + 2HCl. 


4Eo x -7,040 -47,025 2(+22, 692) UAE = 417,538 


x = Li E5gg (MnCl2(s)) = -102, 10". 


Finally, ting entropy may be caléulated 


7.3 53.0: a fe ed Ag = 722,600 + 102,107 = -35.2 
85.07. BF ES a care eee) ee 


at higher temperatures by Jellinek.and.Rudat (178 


Further equilibria for ‘the eoaduebion of lire, by Ho, have been measured 
These authors give three 


determinations of equilibrium concentrations, at at 700°,.900°, and 1,000°C. It 
has been shotm in an earlier part of this work that a ‘transition in solid man- 
ganese probably accurs at 825°9C., involving 14@ calories per Mn. This small 


‘heat 


change is well within the uncertainty of our knowledge of the heats of 


formation of MnCl, and the Pesuhes will be zanet calculated on the basis cf 
Ay MEDEP ESS | - ee 


The reaction on this basis is 
MnC12(1) + He = Mn({)) + 2HC1. - 


G( 2861) = 13 + 2-10-37 

Sng) 

Sum 22.00 + 2°10-%T 

C.(Hz) - .'* = 6.60. + 0.9:10-9 © 

Sum - 30,50: +-0.9°107% - 
Difference = 6, = -8.50 4 1.1-10°8R 

s | Sige g-'8.00 1p 24 0.600%, 
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The individual figures for the various components of € are shown in table 
56 and plotted in figure 14. The values 4.28 and 7,85 differ from those gives 
by the original authors (4.4 and 7.7), because in replotting their individual 
analysis at various rates of gas flow, and extrapolating to zero flow, greater 
weight has been given to the figures at higher velocity. There seems good 
reason for doing so, since at the upper temperatures the vaper pressure of 
MnCl. is considerable, and experimentally there seemed to be considerable chen 
for reversal of theeqbtilibrium in the exit parts of the apparatus. 


‘The points on the 2 function plot so obtained do not lie upon a straight 
line, nor is there available direct evidence for the slope of the curve. ‘the 
proper line may be determined if the heat of fusion of MnCl, is known. fFortue 
nately, the heat of fusion of MnCl, may be calculated from Ene melting points 
of the MnCl. ~ SrCl, system investigated by ‘Sandonnini (336). These two mater 
lels form a nearly perfect solution, with a well~defined eutectic, 


For a perfect solution, the heat of fusion may be ey eaane from the exe 
pression ; 


R 1p - 
xl - L, 
ty 2g, 


where x is the mole fraction of the constituent dee pure crystals are in 
equilibrium with the melt, L the heat cf fusion, Ty, and T.. the freezing points 
of the pure constituent and melt, pec cence: Further, - in x is Plotted 
against 4 , the slope of the line is 4, 
Jy gE - 
Table 57 shows the individual figures corresponding to the experimental 
points of Sandomini and figure 14 is a chart of the points as indicated above. 


TABLE 57, - Melting-Point Data for System MnCly = SrClo 


Mole, percent 
tine ~ 1 1493 
100 0 1.084 
95 0.0509 1.099 
30 01060 1.113 
89 2089 1.155 
70 » 357 1.182 
60 009 1.256 
50 693 1.279 
46 0776 1,295 
1725 ~144~ 


Google 


I.C. 6769 


Reference to the chart shows that the points in the table may fairly well 
be represented by a straight line with a slope corresponding to 7,110 calories. 


Then for the reaction 


MnClo(s) = MnClo(1) 
Cp (tinC19(1)) = 2£24,.0 | 
Cp(MnClp(s)) = 16.38 + 5.0°10-ST 
AGn = 7.62 - 5.0-1073¢, 
i | = 
Furthermore, | 


Along = 7,110 = JH, + 7.62 T- 2.5°107S72, 


Ho = 2,206, 


aN 
1 
| 


= 2,206 + 7.62 T= 2.5+10-372, - 
‘Dogg = +4,256. _ 
Similarly, 
| AB903 = 0.2 3,206 - 7.62 Tin T+ 2.5: ee 4 +I, 
. pA > 
AE r 


AF°%298 = 43,603. - 


+47.30, 


2,206 - 7.62 T ln T + 2.5°10-87 + 47.30 7, 


Referring again to the melting reaction 


MnClo(s) = MnCl3(4);, 


AHggg -112,600- 2 “'- + YH = +4,256 
X = A{Ho9g(MnCl2(1)) = -108,344, 
A¥agg 102,107 “-“y AE = 43,603 


7 ABeog 0012(0)) 2a, 504. 


Since the reduction reaction has been written to involve @ manganese, the 
free energy and heat of this form are also needed. 
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‘In the reaction ~ 
in(Y) = Mn(p), 
Co (Mn) = 9.00, 
Cp(in) = 3.78 + 7.38-10759, 
40, = 5.22 - 7,.38:10-S2, 
At the transition point, 835°C., = 1,108°., 
481,108 = 148 = AH + 5.22 T - 3,69-10-S72, 
Ap = 1,102, 
AED = -1,102 + 5.22 T- 3,69°10-97%, 
QH#29g = +126, 
AB 10g = O=+1,102 - 5.22 Tin T+ 3. 69-10" 9" + If, 


J. = +35. 52, 


ABP = -1,102 - 5.22 Tin T+ 3.69°10°°7" + 33.52. 7, 


M293 = +456. 
Returning now to the reduction reaction: 
Mn0lj(1) + Ho = Mn() + 2501. 

Jide9g 46 - 108, 344 is #1: 2(~22 ,000) JH = +64,470 

QIE389g «= s«-98,504 0 +456 2(-22,692) AR = +53,576 

Boog = 64.470 = AHo - 8.50 T + 0.65°10-578, 

Ao = +66,957. 

The theoretical slope for the line of the = -function plot shown in figure 
14, in accordance with these computations, should be {Hp = +66,957. If the 
upper point is assumed the most accurate one (because of the low vapor pressure 
of MnCl5) a line drawn through it with this slope strikes the lowest point very 
aloesiy~ but missing the intermediate one. The line so drawn is represented yy 
the free-energy equation — 

Alt = +66,957 ~ 8,60 Tin T - 0,55: s19rBy2 - 102,22 f, 


the value of integration constant I = -102,22 being determined from the upper 
point. Whence, by calculation to 298°K., there ie found AF3og = +50,880. 
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This value does not compare too well with the result +53,576, calculated direct- 
ly from fusion data. The discrepancy cannot be due to.error-in the heat of 
fusion of manganese chloride, because even. considerable changes in the value 

of the selected heat, if introduced into the. above estimates, largely compen— 
sate, leaving the discrepancy virtually unchanged. Moreover, equilibrium and 
thermal data are so well in accord for the previously calculated reaction de-~ 
tween the chloride and hydrogen sulphide, that error in the. solid. MnClo reshlts 
hardly seems. probable. It seems more probable to suppose that, the: relatively 
great vapor pressure of MnClo caused experimental errors (perhaps dus ‘to. bevers- 
al of the reaction on cooling the gaseous products). : On this. basig::: the figures 
for liquid.MnClz will be taken from those calculated from the ee and: se 


nelting reaction. Aoaei oe 


pera J 
eo 


the neeguneuente of the decomposition voltage of MnClo by Bevotes and Guzzi 
(69) are obviously unsuited to calculation of free energy of fused MnCl 2 as 
the authors themselves showed from’ related data. 


MANGANESE CARB _ 


In Spite of the technical importance of. manganese carbide, there are’ “tow 
investigations on record furnishing thermodynamically useful data. According 
to Stadeler (353), carbon forms with manganese the compound Mn3zC, melting at 
1,c170C, and with a density of 6.9, Stadeler's melting-point determinations 
show mitual sclubility, with a maximum in the melting curve at 3 percent car- 
con. (MnzC = 6.8 percent) and at 1,2709C, The correct melting point of pure man- 
ganese has been taken in this work at 1,220°C., whereas Stadeler gave 1 207. 


Other melting poirits for this composition of saobide are given vy Ruff and 
Gersten (329), who found 1,243° as the mean of three determinations, and by 
reraeus (148) at 1,245°C, 7 | 


| The manganese metal used by Stadeler analyzed only 95.8 percent manganese, 
and contained more than 1 percent each iron, aluminum, and silicon. The final- 
ity of measurements on so impure a material may be questioned, and it is not 
impossible that the mel 206 diagram carried out with pure manganese might not 
show the maximum observed. It is probable, however, that the mixed canes 
revealed by Stadeler's work are well-authenticated. 7 


“The carburization of manganese with methane was suidied ie Hilpert ant 
Paunescu (163). Upon passing a mixture of equal parts of methane and hydrogen 
over electrolytically prepared manganese for long periods of time (45 hours), 
these investigators found the following limiting values of carbon content were 
reached: 600°C., .5.7 percent C; 700°, 8.6 percent C; 800°, 13.5 percent C; 
900°, 15 percent C. One mst conclude from these experiments either that car- 
bides of higher carbon content than Mn,z0 are capable of forming or that the 
analyses made included elementary carbon from the thermal decomposition of 
methane. The authors took precautions, however, to réimove elementary carbon, 
and the former alternative seems preferable. It will be necessary to return to 


these data later. 
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The solubility of carbon. in liquid manganese has beén measured by Ruff ani 
Bormann (328), who found 6.82 percent C at 1,312°, 6.93 percent at 1,427°, 7.05 
percent at 1,492, and 7.12 percent atl, 525°, These authors also determined | 
that the latter solution boiled under 30 mm pressure at 1,526°9C., and upon heat. © 
. ing further they determined that the vapor contained 1.94 percent C, the maxi- | 
mm temperature used jbeing near 2,000° - 2,100°C. Pure manganese boils at H 
mm pressure at 1,511 °c., and the low percentage of carbon in the vapor shows 
that the gas is mostly uncombined manganese. ‘Then the liquid must have a rela 
tively high concentration of free manganese. If the vapor pressure of the car- 
bide at 1,526° is neglected, one may calculate the mole fraction of manganese 
in the liquid from Raoult's law. By interpolation in table 46 (p.106), 
vapor pressure of pure menganese at 1,526°C. is 33.35 mm, whence the mole frac- 
tion of manganese is z oe = 0.899, yet the melt contains slightly more than 


enough carbon to convert fom the manganese to MngC and is saturated with car- 
bon, since the experiments were performed in graphite crucibles. 


It is not allowable, however, to assume that the carbon is present in 
solution as such, for then the mole fraction of manganese would be 


100 - 7.12 100 - 7.12 7.12, - 
55.OCO«O OS + 5) = 0-74, 


and a much greater raising of the boiling point would ensue. ‘The accuracy of 
Ruff and Bormann's boiling-point determinations is well attested by the calcu- 
lations from spectroscopic data made in an early part of this work, and one 
must assume that the figure 0.899 is quite precise. 


In seeking explanation for this anomalous coridition, one may assume other 
carbides, or mixtures of cerbides and carbon, to be present. Thus assuming two 
unknown proportions, say x and y, of any two constituents, simltaneous expres- 
sions may be set up, one showing the mole fraction of manganese and the other 
the total carbon content, both of these quantities being known and fixed. The 
solution of these equations for MnoC and Mn.C, Mno C and C, MnO and Mn-C, MnC 
and C, MnCg and MnzC, MnCp2 and C, all lead Ro impessible values, either x or y 
being negative. It is, moreover, apparent from the quantities involved that 
the carbide mist have a relatively high molecular weight to permit a possible 
and necessary 0.899 mole fraction of pure manganeso to exist. 


By analogy with the oxide, one may finally try MnCl 4 as the molecular 
species involved. The ratio | | 


Mnz04 _ 212.8 _ 
a0 “48 a = 4, 429, 


then 7. 12 percent sarnei sce caneaaee to 7. 12 x 4.429 = 31.55 percent NnzC,, anc 
the mole fraction of menSenese is 5 | 


(100 =-51.88) “ (100 = BL. 65 4 oe2 8. = 0.894, 
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| This is too close concordance with the 0. 899 calculated from Raoult's law to | 
‘be @ mere coincidence. The conclusion seems justified, then, that the carbide 
‘in solution is. MnzCq. 


In the vapor phase, however, it seems doubtful whether such a complex 
molecule as Mn,Cq4 can be used to explain the volatility of carbon. The car- 
bide in the vapor state is more probably Mn.C. Thus, if one calculates the 
mole fraction of manganese in the vapor state (1.94 percent C) there is ob- 
tained: 


(100 - 1.94. ) (100 - 1.94 1.94 ) | 
“Hole fraction Manganese = ( 6.78 eee ( 6.78. eve + 6.78 "10056, 590 
—— 5) (¢ 55S 477) 


Here again the eoncordance with the previously calculated figures is gratify- 
ing. Tne reason why the mole fraction so calculated from vapor formed over a 
sc0° temperature range.is:so close to that calculated for the liquid will be 
anparent from subsequent calculations. | 


If the above reasoning is accepted, the solubility of carbon measured by 
ruff and Bormann represents the equilibrium. 


3Mn(1) + 4C = Mn,Cq (in solution), 
and the equilibrium constant is 
KX = Ain 304 


= "4 3°. 
Ac*Avn 


and the activity. of Mn2C, ana liquid Mn may de taken as the mole fraction of 
each, Since the experiments were performed in contact with graphite as a solid 
phase, the activity of the carbon is unity and | 


K= m.f, *Mn3C4, 


~ mf, 


No specific heats for the above reaction are aveilable, and one can: only assume 
that J G) = 0, and consequently chart log K v. ri The data for such calcula-. 


tion and plot are showm in table 58, and the points themselves in figure 15. 


TABLE 58. - Solubility of C in Mn(1) 


Temperatura 110 
00. Oy, vy 
1,312 0.631 
1,427 .588 
1,492 567 
1,525 2056 
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- ‘It-is-apparent that the mole fraction of manganese changes very slowly 
with the temperature, and this may account for. the possibility of oan 
this ‘quantity from analysis of _the. vapor, as was done previously. 


All but the point at lowest temperature correspond to a Pahnenrc Ge 
straight line with slope of. 4H = +5,090 calories. 


Further, 44, soa = -B T. ln K = -4.578+1 ata a at 


46, 800. 


Then, for the reaction above, . 


An = 43,090 + 2.062 2, 


Returning now to the experiments of Hilpert aud Peineecn , Sie egintit 
may be made without inconsistency that the reaction BE CUE EUS was 


(solid sol. or ) 


SMn(s) + 40H = = king 4(mixed crystals) 


+ Bile, ae 


for which the formal equilibrium constant is 


= Mn A*CHa 


Here again the further assumption may be made that the activities of Mnz(C, and 
Mn are given by the respective mole fractions. Experimentally the pressures 
of hydrogen and. methane are fixed by the equal volume. ee meee in the tests. 
Then poe | | | a get gt 


m.f - 
***Mn30 8 om.f. ve 
= 4,0.5° _ Mn3C 
m.f.%. 0.54 4. 0.0625. 
‘ . hin m.f hn 


Table 59 shows the figures calculated froi Hilpert and Paunescu's data, and 
figure 15 is the — of 20g } K v. ir 


TABLE 59. ~ Formation of Solid Manganese Carbide 


Temperature cee | Carbon, tee ee , 
m1, Lo percent 2 wii 
1.146 57 2523 1422 
1.028 8:6 998 
952 13.5 ~ 241 
853 15.0 > +2049 
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Figure 20 shows that a fair approximation to a straight line is indicated 
by these points. Too great accuracy caunot be expected, since the values of 
final carbon content were taken from curves in the original article, and the 
great number of molecules involved in the formal equilibrium expression renders 
the calculation very sensitive to slight errors of composition of either the 
solid or gasecus phase. 


From the slope of the line, the heat of reaction is found to be 4H = 
+19,700 calories. ~ | an ee 


The heat of formaticn of methane at ordinary temperatures is AH= ~18,120, 
thence the heat of formation of Mn2Cg in solid solution becomes 


* ae 


QEFp = -52,780 + 67.00 T, 


lI 


-52,780, and AFgnz = +5,680, 


. ° @) ae ; 
~~ BB59g7'-32,810. 


- Recent. direct calorimetric determinations of tne heat cf formation of man- 
ganese carbide are those of Roth (319) and of Ruff and Gersten (329). The 
former.author gives AU = -23,000 for MnzC, and recalculates Ruff and Gersten's 
data (for corresponding heat of formation of MnzC4) to AH = -27,000 calories. 
Roth does not give enough data in his article to permit recalculation of his 
results to correspond to MnzC,, but it is possible to do so with the figures of 
Ruff and Gersten. 


These data are summarized as follows: 


No. 2 
Carbide with 6.80 percent carbon...........ceees 1.3154 
MnaCq (30.1 percent of total)....... ccc cece eens 4960 .o961 
TEC. MANPANECS 6. <6 bo Gi.65 4 6.9654 Gi Wen eee SG eas 1.1514 0.9193 
Heat of oxidation 
OG beg Sec ate seria seo We te carne Gueaee aoasbleard Gb trae Wa hones . 3,782 5,070 
BATT inno duc so) 2055.20 75 acted as nents saad aoa eed ola Raia Bee aa eer 2,oOl 1,834 
WG As ras erie as ose teas actus catenrast ae Gls aU aN tay tas eee wee aes 1,481 1,236 
MNOA, DOP (ES VAMiecs & ccamduieks bb. gee aed nee se ate eiee es 2,988 5,120 
BNSC A DOI M6 15s. 6:6G. & dalern wave creat aeeaerars beuian sei Sane are 635 , O00 664,000 
Reat of form:tion 
MnoO4 (Ruff end Geraten)......secerscecrcesces 329 ,000 329,000 
OO eth ee beta eelica ve, da cea ieatene des @ Ghee eee Pe 579,000 379,000 
DVS C A led sca tevin ce we arailec beh Aw oa eer eres A oes ak aa mere a acti —-63,000 ~ 34,000 


If the carbide truly is MnzC04, accurate results of calorimetric experiments 
On samples containing only 3O percent of the true carbide could scarcely be ex- 
pected. The order of mangitude is nearly the same as that obtained from the 
experiments of Hilpert and Paunescu, 
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The calculations which have been made above seem to bring a fair degree of 
concordance to the available data, but in one respect they are still unsatisfac. 
tory. This is illustrated by the following Sequence | of Beet xORS: 


Mn(1) + 4c = MngC4(liquid sol. d. sa AE H-= 43,090 
Qin(solid) = 3Mn(1) : ai | AH = 411,934 
Sn(sclid) + 4C = MngCq(liquid sol.) - AH = 415,024 
WingC4(solid sol.) + 8Hg = Sun(s) + 4CH, AH = «19,700 


Mn3C4(solid sol.) + 4C5 + 8Ho = aren sol. y +: — AH = -4,676 


__ 40H, = 40 + a2P) | AR = +72,480 
MnzC, (solid sol.) = MngC4 (iguia sol.) AH = 467,804 


It does not seem probable that the apparent heat of fusion of MnzC, cal- 
culated in this way can be as high as indicated, but it is. perhaps possible. 


Obviously @ more , eatisfactory experimental investigation of the carbides 
of manganese must be made before.any great reliance may be placed on the ther- 
modynanic properties, It may, however, be stated that the free-energy mares 
sions given represent the only ia acd data available. 
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MANGANESE NITRIDE 


Elementary manganese readily absorbs gaseous nitrogen at elevated tem- 
peratures, and a number of investigations of this phenomenon have been made. 
Two nitrides are reported in the literature based on chemical data, wage" 
and MnzN5, but a phase study of the systems involved leads to complicate 
and to some extent indefinite results, with the presumption of the compound 
ngN. The data of Tschischewsky reported by Mellor (253) (original data 
not available) (254) show conclusive chemical evidence for the formation of 
the nitride MngNo, when ammonia is used for nitriding between 600° and 800° C. 
Tne calculations below shov that most of the quantitative data may be ex- 
plained upon the assumption that only one nitride, MngNo, is formed. 


_ The phase chanzes in the Mn - N system are very important, and it is 
fortunate that careful X~rey studies of this system have been made by 
Eaaz (156). This author shows six distinct phases, and their disposition 
is best illustrated by a temperature-composition diagram, such as figure 16, 
which is a sxetch reproduction of Eaag's original. ~ 


Only for then phase was this investigator able to assign definite 
pasitions to nitrogen and manganese atoms, and since above 500° ¢: this 
phase covers a considerable reanze of composition, the conclusion seems 
inescapable that ot phase consists of mixed crystals. The/@ phase , 
representing many of the compositions obtained by the action of nitrogen 
gas on metallic manganese, has, according to the author, the nitrogen atoms 
in den Hohlraum willktirend eingelezen, and it may therefore be considered 
a solid solution, with the nitride having amorphous properties; in contrast 
to the crystalline pnase. Although the lover composition limit corresponds 
to bingo, it will be shown thet the chemical properties are explained only 
sy the assumption of MngNo 4m lowered activity. 


The most careful enuilibria determinations between manganese, its 
nitrides, and nitrogen have been made by Valenski (377), who also reports 
the results of the experiments of Shukow (Zhukov, Yukoff, Jukow seem to be 
other references to the same work), whose original publication was inacces- 
sible to the present author. Other authors who have also exnerimented in 
this field are Duparc, Wenger, and Cimerman (76, 77). 


Although this considerable accumulation of data exists, unfortunately 
only par§ of the material is usable. Thus these last authors not only had 
quite impure manganese met2l to work with. but also the time periods used 
by them lead to the presumption that e-".ilibrium was probably not attained in 
the solid constituents. Thus Eaag found it necessary to "homogenize" his 
samples by long-continued heat treatment; but some of the other experimenters, 
such as Duparc and coworkers, have used only l-hour treatments. Valenski, 
on the other hand, shows curves extending to 30 hours or more, and with 
nitrogen contents which have become constant in magnitude, and it may be 
presumed that his results probably represent truly homogeneous solid phases. 
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Tne calculations which will be mate are on the assumption tHat the 
nitriding reaction is 
din(s) tls = iar No (sclid comition or eiedcerystete). 


| AinaNo - 
K- = a 
Atjn*-\in 
| a) | | 
Selecting experiments where the pressure of nitrogen was 1 atmosphere, one 
May write | | 
; Te rr eee 
; (img 


K = 


5 
het. (iin) 
where the activities have pees replaced by the corresponding mole fractions. 


ee The significant cata, soteinea under conditions seeming to insure 

homogeneity of the solid phase, are recorded in table 60, and plotted on 
the COnVenusOnat log K v. chart in figure 17. The points so plotted fall 
upon two streight ties for the sclid material, with | & single point represent- 
ing the liquid phase. That the intersection of these lines should be so close 
to tne unper limit of Hoeg's nm phase, as indicated vy the dotted line, mst 
be .more than a coincidence. It seems then that the upper line represents 
amorphous solid solutions, its lower continuation mixed crystals, but that 
the chemical hehavion of.each.is adecuately explained by the single assum 
ro of Mngko as the nitride eae 
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Valenski 

Tschischewsky 

Shukow 

Limit of Haag’s 1) phase 
Wedekind’s ferromagnetic nitride 


0.9 10 = 31.1 1.2 13 14 
7 x 10° 


for manganese nitrides: A, Amorphous 
B, mixed crystals; C, liquid. 
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From the sloves of the lines ana e point on each curve, the followin: 
free-enerzy equ? tiois may be aeduced: 


oiinu(s) + Je = lingNo (anor. solid solution) , 


ai = -19,500, 
OP, 3913 = -4.578°1,213° (-0.316) 
= $2,030 = -10,500 + 1°1,213, 
I = 410.16, 
En = 10,300 # 10.16 7, 
P8393 = -7,570. 
Further, Sin(s) + No = LMnzNo (mixed crystals), 
2H = -33,460, 
Jd Bi) 373 = ~4-578°1373" (-0.642), 
= +4,035 = -33,460 + 1°1373, 
5 = =27.32, 
AEG = 33,460 + 27.32 7, 
A Boog = ~25,315. 


And finally, 3im(1) + N 


2 NnoNo (dissolved), 


OP, 573 = -4.578°1,573 -1.438, 


#10,350 = -45,800 + [°1,573, 


I = 435.70, 

azn = 45,800 + 35.70 7, 
0 ss 

AEngg = 735,160. 


From the first and second reactions above the heat of crystallization may 
be calculated 
lingio(amorph. solid solution) = Mn,N, (mixed crystals), 


Au = -23,160, 


Ar 


hy 
I 


-23,160 + 17.16 1, 
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end further from the second and third reactions the heet cf fusion is 
eS ieniated to be AH = +12,340. This may te compared with the heat of 
fusion of 3 gram-atoms of manganese metal = 3 x 3,576 = 10,728. The former 
figure is composite, since the’s,;;stem con ease Imn.s2acse and its nitride 
and should presumaoly be’ somevinat greater than the heat of fusion of the 
manganese metal only. The order of magnitude may” oe taken as confirmatory. 


Direct determinations of tie heet of formation of manganese wees 
have been mede by Neimann, Kruger, and Eaebeler (272). ‘Tuese authors made 
direct determinations of the heat evolved by the nitriding of manganese in 
a bomb and indirectl, by ti.e oxidation of an externally prepared nitride 
sample. They assume Mn to be formed,largely beceuse trey obtained about 


38 percent ae ogen in the“rirst experiments. The value given is 


A = 57, 180 + _ 400 for the reaction Ont * Nox Maglio. 


These results. arg. based. upon’ és ‘difference method, where the calorimetric | JT 
for the reaction was eae eve 0.05°, for a determined rise of 1.25°C., 
calculated by Gifference. © Under these. circwastances, it is aifficult to see 
how any precision could heve been obtained. lLoreover, the phase changes 
disclosed by Hsag's diagram leed to the supposition that their pRoeues was 
of indefinite coimosition. 


In the oxidation experinents, the euthors seem to have made 4 serious 
error. Their manvjeanesg was prepared by Cictillation of electrolyticelly 
prepared analvam in uydrogen, and analysed 99.75 percent tengzanese. They 
state tne reuninder to be nearly all hydrogen, »ut they do not correct (so 
f-r as their data snow) for the heat evolved oy oxidation of this hydrogen. 
Tous, they hed the heat of cxidation of 1 grem of metal = 1,845.4 calories, 
anc for & corresnonding enount of nitride (5.1 vercent N) 1725.5 calories. 
One cram of metel vould contain 0.9025 «rar E5; 2 grems of hydrogen produce 
57,620 calories when burned to water vavor at 25°C., then the heat of 
0.0025 gram = a 0.57820 = 72.3 calories. Then 0.9975 gram of Mn 
produces 1,845.4 2.3 = 1,773.1 calories, or 1,777.5 per gram. ‘One gran 
of Mn sornaesondd . "0.083" zrem of Vo: waence the heat of nitriding is . 

™ FR ws an aa 
SiMe A ELD +28 = 26,109, 
instead of the 62,400 calories per mole calculated by the authors. This 
figure is at least the same order of magnitude as the 33,460 calories cal-~ 
culated for mixed crystals. Since this sample was prepared gay at 
690° = 700°C., from: the bomt experinents it may ve assumed tnat it wa 
essentially homogeneous, ana it falls well within the limits of Hoag! s 


n pha. S@€e 
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Tne ferromecnetic rroperties of menganese nitride have caused consider- 
able interest. It is worthy of note that Wecekind (300) has given the 
limits of preparation of the ferromagnetic material as over 1,200°C., anc 
corresponding to 6.8 percent N. If this point is placed on the log 


1 : 
Kv. & chart, it appears that the ferromagnetic field corresnonds to the 
true Mixed crystels or the 7 phase of Hag and furnishes final confirmation 
of the point of view acopted. 


Toe data of Duparc have not deen shorm on the chart, but they aprroacna 
asymptotically to the lines given and are obviously results not obtained at 
eoullibrium bdecause of tune short time periods used. 


Explanation of the verious data presented above has but one serious 
flaw; it does not include experiments which have been made at various pres- 
sures. Instoad of K var,inz inversely as the first power of the nitrosen 
pressure, the data available (Shixcow and Dunarc) indicate that K seems to 
be a function of tue sauare or cude root of the N, pressure. Since one 
canuot be certain that equilibrium in the solid pilase had been cbtained, 
it mey be suncosed that the pressure exvcriments were not, in fact, correct, 
and that more precise results might corroborate the assumptions made. 


The variation of solubility of gas in metal according to a square~ or 
cube-root equetion kas recently been discussed by Gottschalk and Dean (121). 
It should be roted in con:ection vith the manganese nitride that the chen- 
lcal-compound relationsnips seem now fairly clear, but that the pressure 
effect ma; be expleined if only associated molecules react; and not dis- 
sociated molecules or atoms, as some authors suppose, 


CONCLUSION 


For the convenience or the user of the data which have been collected 
in this chapter, the figures for snecific heats, free enerzies, entrovies, 
and heats of formation used or found have pveen summarized tables 61 to 64. 
Before such figures are used for important calculations, reference should be 
made to the original calculations to indicate the limitations of the 
available data and in consecuence of the derived free-energy expressions. 


It should not be forgotten, in this connection, that the calculation 
of equilivria from free-energy data suffers from a considerable increase 
in percentaze error when the resultant free energy must be obtained by the 
summation or cifference of large individual cuentities. Under such cir- 
cumstances, errors of several hundred percent are possible, and the calcu- 
lations may not give more than the order of magnitude of the true result. 
It is perhaps a surprising and reassurinz circumstance that the degree of 
correlation obtained in the calculations is as good as indiceted. The 
Calculations seem to have brought the manganese systems to such a state 


that a few well-performed crucial experiments would authenticate the 
entire list of nroperties. 
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Referring more specifically to the tables, the reader will note that 
most of the figures in table 61, showing the specific heat values used in 
this work, are estimated from dita near room temperature. Where a third 
ae is given, it smst not be forgotten that the quadratic form used, 

a+ bt + or? , must necessarily nave a maximum or minimum at some tem- 
"Poe tus specified by the relationship 


Sp = 0 = b+ 2cf, 
aT 

= 2 
T Ak —2C 


It is practically certain that true svecific heat values do not actually 
show such naximum points, and the quadratic form of expression is only even 
approximately correct when T,,,, falls outside of the range of validity of 


the expression. These maxima occur for the various materials at the fol- 
lowing approximate temperatures: MnO, 1,150°C; Mn0g, 750°; MngO,,. 1,000°; 
Kn05, 500°; MnS, 1,100°; MnCOz, 2, 100°. For the first five materials above 
the criterion is not setvecicn. and the formulas given must not be suprosed 
actually to revrecent true specific hents. The best that can be said for 
then is that ther represent an attempt to estimate such values in the com- 
plete absence of data at ‘high temperatures in a manner thet leaves the 
limiting values consistent Wit evamnenee information. 


The real difficulty | here is Sovisusly the unsuitability of the quad- 
ratic form.. Unfortunately, no better substi jute in the form of other 
analytic expressions has so far been devised¥ Hed one actual data, a 
preferable metl:od of calculation would be «. tabular method similar to that 
used for tue volatilization of manganese. 


In the remainin;; tebles of free enerzies, entronies, etc., some 
attempt has been mace to estimate the anparent uncertaint; of the figures. 
Especially as regards free-energy values, these estimates are based on the 
writer's judgnent and prejudices. It is hoped that the latter have been 
on the conservative side, out here azain it must be pointed out that all 
that is claimed is that the figures given usually fit the actual available 
data in the range where the results are supposed to be vatid. In the case 
of the dissociation cf oxides, even this lest criterion is not fulfilled, 
other estimates, such as the entropy of MnO. requiring some violence to 


actual dissociation figures. 


2 Since tnis was written the author, with K. K. Kelley, devised a superior 
form of analytical expression, wich appeared in an article entitled "An 
Equation for the Represent: tion of High-Temperature Eeat Control", in the 
Journal of the American Chemical Society, Vol. 54, 1932, P. 3243. 
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TABLE 61, — Summary of Specific-Heat Values Used in this Wort 


mie = gn). 
( s.atbe = of) 


eo 


TT © erm neem am Sn 


Material Apparent valid 
temperature 


range, %. 


) 3.78 | 47.58°1079 O = 835 
| 
| : 835 ~ 1,044 
| | : 1,044 ~ 1,22 
| | 1,220 - 1,400 
Mno# Solid 7043 1.038° 107 ~3.62+1076 O = 1,650 
Mn05- | do 10.23 | 5.31072 -2.57°1075 | O = 1,100 
a d. ‘* es, Te 
Mnd.= | do 1.92 | 4.191072 | ~2.9791075 | 0 = 500 
Do= Liquid 16. 1,610 ~ 
a 
Mino. | Solid wd 4.21°10° ~..90°1075 | 09 = 500 
Mnso ,~ Anhydrous PAS) | 1.5°107¢ O - 1,000 
uncl* | solid 16.38 | 5.0+1073 O - 650 
: ) 
| 
| 
! 
| 


& Estimated from low tempernture -data.. ete. 
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TABLE 62. 
Waterial | Reference state Temperature, | F° 
Fos ORME AA” SN: ee eulinnee eee 

wn(8) M(x) 298 +456 
Liny) Go 298 7 742 
Mn(1) 7” do 298 | ==3,533 
un(e) : do 298 | 448,913 
Mn"* Mn(Q) 7 291 -52,450 = 500 
Mind Mn(@) ,1/2 0, 298 |; 791,310 # 700 
lin(OH) . Nn(%) ,05,H, 291 -145,960 * 1,000 
Do . | MnO, Hoo 291 41,860 £ 1,000 
in,0 4 Bun/c) * 20 298 -319,820 = 500 
Linads “eMn(Q) 3/2 02 — 298 ~215,040 t 3,000 
lin0p Mn(@), Oo 298 -108,610 * 1,000 
Min§ Mn(@), S(rh) 298 -47,025 © 500 
linCQs MnoO, CO | 298 -15,913 = 300 
Do |. en) owe gr.) So. - 298 -201,000 f 1,000 
nS 4 Mola: ) } pf rh) 265 298 226, 93:5 = 1,500 
MnC15(g) bint ik (i) 298 +31,972 
MnC1o( s) win (ces, Clo 298 -102,107 * 500 
UnC15(1) MnG1>{s) 298 +3,603 = 500 

tMn@), Cl, 298 |} 98,504 t 1,000 
MingCa(in sol.) n( 1), aC) | 298 +3,705 
MagC,(solid sol.) SMn(s), 4C 298 -32,310 
lin,N.(amorsh. solid sol.) ! 2Mn(s), No 298 ~7,270 - 
singe (mi x red cryst.) | oMin(s) , No 208 —=25,315 © 
Lingle (dissolved) | 8Mn(1) ,Yo~ 298 -35,160 : 
1 ‘fThese values should obviously be positive, since a negative value would 
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- Summary of Standard Free Energies of Formation 


seen to indicate the product stable with respect to alpha manganese at 


298°K. 


heat values, beyond the range where such values are truly valid. 
figures are to be regarded simply as formal coefficients in the stan- 
darg@ free energy equation, the use of which will make calculated values, 
in the range where the specific heat values are valid, fit the known 
‘experimental facts. fe oh a 
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The difficulty is due to the long extrapolation of specific 
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TABLE 64, —- Summary of Entrovy and Heat 


Material | S998 ; AH 


-96,500 + 650 
Mn (OH), @e@¢eeae0eee@ee0p920208e080880880808 


ino Oz eereeereeer sees ee teaneasee 


| | 

| 
wind eooecseeaeoeoeeveoeetooaore eens e | 14,4 a 0.6 | 

1/ 23.9 + 1.5 165,000 + 2,000 

| 

| 
ins 4 @eeeceoseecveeeneeennvnerteon 30~eD + 0.7 ~445 ,000 cr 1,000 
Pndo eCeossceeeceenseeneeeeneeeee 13.9 + 0.4 -121,260 + 2,000 
In?! siatesras eta teeeeewuseawes 16.7 “O53 -45,890 + 300 
mn Or Cecoeoeveeeezeveene seve e 20.0 + 0,4 —~219, 100 + 800 


NEDO). baie aes aatianes talon ease 1/ 33.1 + 3.0 -250,735 + 1,500 


oe 


iinCl. (g) eooeeseereeseveceace or ar 2/ +43, 550 ia 000 
KnClo(s) esersreeveeveseneneeveee@ l/ LOL as 2 eO -112,6900 x 1,000 


MnCl5 (1) eceoreeecveseoerececes oe 108,344 ae 1,900 


ee 
meen eee + pene ae | ee ee emer ee fm ne ae ee ee ee | | + eee ee a 


7 Estimates, not directly determined, 


2/ From liquid, 
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